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you will agree... 


Hours spent welding it over again are an unnecessary 
cost which can be eliminated. Your decision to use Arcos electrodes 
for your stainless or alloy welding job is a long step toward eliminating 
non-productive man hours. When you order Arcos, you receive electrodes which, 
in the hands of a competent welder, deposit the sound weld metal 
you need. Sound welds—physically and chemically right for the job—the first 


time and every time, eliminate costly chipping and rewelding. Specify 


Arcos and avail yourself of the knowledge and a product 
born of fourteen years’ experience in making stainless 


and special alloy electrodes. 


WHEN YOU USE ARCOS ELECTRODES—YOU WILL AGREE 


ARCOS CORPORATION - 310GULF BUILDING, PHILA. 2, PA. 
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HOBART Multi-Range 


gives you 


WELDING HEAT 
...all under perfect control. 


By being able to get the exact welding heat for every 
job, it’s easy for you to produce high quality welds with 
less effort. Amount of costly rejects is sharply reduced, 
work is greatly speeded up. By a simple twist of the wrist 
any one of 1000 combinations of voltage and amperage is 
instantly available. 

Another exclusive Hobart feature is the Remote Control 
Dial, which permits adjustment of welding heat at the work 


without returning to the machine. Saves countless steps, 
removes temptation to “get by” with improper arc adjust- 
ment. Allows location of welders on balconies when work- 
ing space is limited. 


HOBART Electrodes 


mods 
speedy, for every end by. 


Any Hobart Arc Welder you select (electric or gas engine 


drive) has the above feature as standard equipment -— not 


an extral Use the coupon below for further details. 
HOBART BROTHERS COMPANY, BOX WJ-126 TROY, OHIO 
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Hill BROTHERS COMPANY, BOX WJ-126 TROY, OHIO 
Send me the Free ‘Welders’ Pocket Guide,” also details and 
BREE specitications on the complete line of Hobort Arc Welders. 
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Hobart Electrodes (_] Hobart Welding School 
NAME 
FIRM 
ADDRESS 


AS 

— a 

— ~ 5 ‘ 
‘ 
| 

“| 


The the American Welding 


W. SPRARAGEN, Editor 


DECEMBER, 1946 


VOLUME 25 NUMBER 12 


OFFICERS—1945-1946 

President, L. W. DELHI 

First Vice-President, H. O. HILL 

Second Vice-President, G. N. SIEGER 

Treasurer, O. B. J. FRASER 

Secretary and Asst. Treasurer, M. M. KELLY 

Handbook Editor and Associate Secretary, 
H. O. KLINKE 

Technical Secretary, L. M. DALCHER 

Assistant Technical Secretary, SIMON A. 
GREENBERG 


District Vice-Presidents 

District #1 (New York & New England)—F. W. 
DAVIS 

District #2 (Mid-Eastern)—HARRY W. 
PIERCE 

District #3 (Southern)—E. C. CHAPMAN 

District #4 (Central)—G. O. HOGLUND 

District #5 (Mid-Western)—R. E. McFARLAND 

District #6 (Mid-Southern)—HOWARD N. 
SIMMS 

District #7 (Western)—C. P. SANDER 


COVER 


Cutting Inner Bottom of Ship 
During Construction. Courtesy 
Victor Equipment Company. 


ISSUED MONTHLY 


Copyright 1946, by 
The American Welding Society 


Subscriptions $5.00 per year in United States 

and possessions: Foreign Countries $7.00. 

Single copies, non-members $.75; Special 

issues October and December $1.00; members 
50 cents 


Entered as second-class matter January 15, 
1932, at the post-office at Easton, Pa., under 
the act of March 3, 1879. 


PUBLICATION OFFICE 
20th & Northampton Streets, Easton, Pa. 
EDITORIAL AND GENERAL OFFICES 
33 West 39th St., New York 18, N. Y. 


The Society is not responsible for any state- 

ment made or opinion expressed in its publi- 

cations. Permission is given to reprint any 

article after its date of publication provided 
proper credit is given. 


CONTENTS 


TECHNICAL PAPERS, 


Resistance-Welding Aids in the Pro- 


duction of Jet Engines, by Frank 
G. Harking......... 1175 
Current Welding Literature....... 1178 


Welding and Other Fabrication 
Methods for Hastelloy. Alloys, 
by C. G. Chisholm............. 1179 


Locomotive Boilers—Welded Con- 


struction, byJamesPartington.. 1183 
Flame Cutting Operating Data, by 

Projection Welding of Fasteners, 

by Robert A. Reich............. 1189 


ITEMS AND REPORTS 


Efficiency of War-Born Operatin 
Methods Is Inspiration for Today's s 
Welding Production, by A. F. 


Expansion and Contraction, 
B. Aitchison. . 


Development of a Two- ee High 
Strength Spot-Welded Lap Join 
in 24S-T Alclad Aluminum Alloy, 
by L. M. Crawford and J. E. Pease 


Induction Soldering Speeds Kitchen 
Utensil Production, oes L. Gise 
and J. R. Stewart. . 


SOCIETY AND RELATED ACTIVITIES 


1945 Samuel Wylie Miller Memorial 


1212 
Lincoln Gold Medal Winner....... 1212 
1946 Resistance Welder Manufac- 

turers’ Assn. Prize Contest...... 1214 
INDEX TO ADVERTISERS... 1214 
Recipients of Awards Made at 1946 

Annual Meeting............... 1222 


A.F. Davis Undergraduate Award.. 1222 
Resolution in Memoriam—H. M. 


1224 
New Arc Welding Film on Design.. 1224 
Resistance Welding Bulletin...... 1224 


Structural Research Gains atLehigh 1224 
C. M. Taylor Elected Executive 
Vice-President of The Lincoln 
New Oxygen Plant in Charlotte.... 1228 
Resistance Welding AlloysChart... 1228 
How to Supplement Your Income 
with Arc-Welding Equipment, 
by A. . . 1230 


Seam Welder Information...... 
Barefoot Promoted.......... 
Winsor Joins Armour. . 

Amsco Appointments. . 

Piggott Becomes 
Ben Wise Joins National......... 


Dr. A. B. Kinzel Again Heads Engi 
neering Foundation. . 


Liquid Carbonic Expands 
High-Strength Steels...... 
Supporting Company...... 


Electric Welding Its 
Strength at Bikini, by A. F. Davis 


Arc-Welded Stainless Stee] Exhaust 


New Products. . 

Employment Seriice Bulletin. . 
Section Activities............. 
List of New Members. . 

Abstracts of Current Welding Pat 


WELDING RESEARCH SUPPLEMENT 


Structural Investigation in Still 
Water of the Welded Tanker 
NEVERITA, 

Part I—Developments in Instru- 
ments for Measurement of 
Strains and Deflections in Ship 
Structures, byF.B.Bull...... 809-s 


Part II—The Tests and Their Re- 
sults, by R. B. Shepheard and 
James Turnbull............. 


821-s 
Variation of Longitudinal Residual 


Strain Through the Thickness of « 
l1-In. Unionmelt Weld, by J. L. 
Meriam, Finn Jonassen and E 
Paul 


Discussion on ‘‘An Ipvestigation o! 
the Effect of Welding on the 
Transition Temperature of Navy 
High-Tensile Low-Alloy Steel: 
by W. B. Brooks... --- 


The Shortening of — to Equa 


f 
I 
i 
i 


4 
4 
. 
1193 
108 
12 
12 
23 
123 
123 
192 
129 
: 1232 
1232 
123 
123 
ene 192 
MS 
12% 
17% 
124 
94 
12 
1264 
“at 
i 
* 


The Journal of 


The American Welding Society 


VOLUME 25 . 


DECEMBER, 1946 


Resistance-Welding Aids in the Produc- 
tion of Jet Engines 


By Frank G. Harkins* 


ABRICATORS of aircraft components during the 

war found themselves in the unenviable position of 

being required to produce vast quantities of precision 
parts through a willing but relatively unskilled working 
force. Because of the urgent requirements of the Air 
Forces, designers turned naturally to the resistance-weld- 
ing processes. Here was the modern tool, the panacea, 
which would break all the bottlenecks in industry. How 
well the challenge was met is familiar to all associated 
with the work. Many manufacturers learned that re- 
sistance welding can mean the achievement of otherwise 
impossible production schedules. . 

In the rush of wartime production many grave errors 
were made in the application of this superior tool Ease 
and speed of production were the natural sequel to instal- 
lation of spot, seam or flash welder; but often small plant 
operators (and some large ones) were unaware of the 
essential qualifications and controls peculiar to these 
processes. Strict specifications were the Ordnance De- 
partment’s safeguard against unwittingly faulty work- 
manship. Although the rigidity of these specifications 
seemed to add unnecessary burdens to the welding en- 
gineer, probably this code has done much to stabilize a 
phase of industry which had been hit-or-miss since its in- 
vention by Elihu Thomson in 1886. 


* Resistance Welding Engineer, Solar Aircraft Co., San Diego 12, Calif. 


Fig. 1—Cutaway View of I-16 Engine Showing Various Components 


Fig. 2—Roll-Welded I-16 Inner Elbow 


Suitably controlled resistance welding had been ac- 
cepted as a high-quality process for structural applica- 
tions by the time the jet engine was developed (Fig. 1). 
Use of resistance-welding processes was considerably re- 
stricted by the shapes of the parts to be fabricated; how- 
ever, by exercising imagination and ingenuity, the weld- 
ing engineer could often produce a satisfactory part, 
usually in about one-tenth the time 
required for other processes. While 
cost was a consideration secondary 
to the urgent need for production, 
monetary savings often were im- 
pressive. 

Such a part is illustrated in the 
accompanying photograph (Fig. 2). 
This is the inner elbow of the I-16 
jet engine. Its function is to con- 
duct the gases from the combustion 
chambers through the nozzle dia- 
phragm where they impinge upon 
the turbine wheel, supplying the 
energy for turning the shaft of the 
air compressor. On passing through 
the turbine wheel the gases enter the 
tailpipe where the pressure drops. 
The pressure differential between the 
combustion chamber and the end of 
the tailpipe provides the thrust for 
the operation of the airplane. This 
is shown in the schematic diagram 
(Fig. 3). 

There are 10 elbows used on this 
engine, made of Type 347 stainless 
steel 0.025 in. thick. The original 
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center line of the machine. The radius 
of the inside seam of the part is so 
small that the diameter of the top elec- 
trode can be only 2in. The length of 
the stroke of the air cylinder on this 
machine is 4 in., so it was necessary 


to raise the lower horn to bring the 
electrodes together. How this was 
done appears in Fig. 4. 

Another problem was introduced by 
the use of this small diameter upper 
electrode. On this machine the top 
wheel is the driving wheel. The 
equipment is designed for operation 
with an 8-in. diameter top wheel and 
a welding speed range of 25 in. to 75 
in. per minute. Reducing the drive 


Schemetic «ew of E16 furbojet 
owing tuccessive conditions of rom 
Comprened ov and esboust 


wheel from 8 in. to 2 in. reduced the 
welding speed from 75 in. per minute 
to about 18 in. perminute. Changing 
the pulley ratio on the Reeves drive 


Ramm oir ompres: ed 


Fig. 3—Schematic Diagram of Operation of 1-16 Engine 


design called for atomic hydrogen hand welding, the com- 
plete operation (position in fixture, tack weld, weld) re- 
quiring 19.4. min per part, plus additional processing to 
remove oxidation and scale. Rejections due to warpage 
were high (about 18%). 

Seam welding was made possible by using two “‘goose 
neck”’ lower horns, one inside and one out (made from 
bronze castings at a cost of $210), and by providing */s in. 
lap between the half stampings. The parts are positioned 
and spot tacked in a fixture and, out of a fixture, seam 
welded at 40 in. per minute. The total fabrication time 
is 75 sec. per part and rejections due to warpage are en- 
tirely eliminated. The ratio between the two processes is 
15 to 1 in favor of the resistance-welding technique. 

Figure 4 shows the welding machine set up for welding 
the inside seam. To clear the current-carrying shunt of 
the top electrode, it was necessary to extend the upper 
electrode and the lower horn about 6 in. to the left of the 


Fig. 4—Machine Setup for Welding Inside Seam 
1176 


THE WELDING JOURNAL 


increased the speed to 40 in. per 
mitiute, which is about as fast as the 
operator can guide the work through 
the machine. 

Figure 5 shows the welding of this 
inside seam. Because of the large 
diameter on one end of the elbow it is 


Fig. 5—Welding the Inner Seam of Elbow 


possible to make a continuous weld over the length of the 
seam, rather than working from the center to each end. 

Figure 6 illustrates the machine setup for welding the 
outer seam, a fairly straightforward application, employ- 
ing the standard 8-in. diameter top electrode. 

The actual welding operation on the outer seam 1s 
shown in Figs. 7 and 8. It is not possible to make a con- 
tinuous seam in one operation. The seam is started in the 
center and carried to the outer edge, then the part is 
turned around, slipped over the horn and welded out to 
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Fig. 6—Machine Setup for Welding the Outer Seam 


the other edge. The following machine constants have 
been established : 

Machine, Taylor-Winfield Type MSU-42—200 kva. 

Time cycle, 3 on, 2 off. 

Pressure, S00 Ib. 

Welding speed, 40 in. per minute. 

Electrodes: material, Class III; diameter, top 8 in. 
(for outside seam), 2 in. (for inside seam), bottom 
2in.; width, '/,in. with 3 in. radius of dome. 

Heating setting 45%, corresponding to approximately 
8900 amp. 

Transformer, low tap. 


The outer elbow adapter assembly, illustrated in Fig. 
9, is also an unusual fabrication. The function of this 
part is to conduct air from the compressor into the com- 
bustion chamber and to support the inner elbow assembly. 
The elbow part of this assembly is made of Type 347 
stainless steel 0.063 in. thick. The adapter section is 
Type 347 stainless steel 0.025 in. thick. Formerly the 
eyeletted seam on this assembly was made by the atomic 
hydrogen process, requiring 40 min. per part, with the 
usual difficulties of poor fit, rigid tolerance and high re- 


Fig. 7— Welding the Outer Seam 


Fig. 8—Closeup of Welding Operation on Outer Seam 


jections due to warpage. The sequence of operations 
with atomic welding is: position back and front in weld- 
ing fixture, tack and weld adapter section, position 0.063- 
in. elbow through adapter in fixture, peen flange to fit el- 
bow, spot tack, atomic weld. 

It seemed practically impossible to attempt to roll 
weld the eyeletted seam because the back of the adapter 
interferred with the lower horn of the welding machine. 
However, study of the assembly revealed that, by 
assembling the 0.063-in. elbow to the eyeletted half 
stamping, the seam-weld assembly could be made on 
a standard machine, with standard tooling, before as- 
sembling the adapter. Thus the operation sequence was: 
position elbow and front of adapter in fixture, spot tack 
with portable gun, roll weld, position back and front of 
adapter in fixture, spot tack and weld. The time saving 
was 38 */, min. per part. 

This illustrates a frequent experience of the welding 
engineer: that, Where it may not be possible to substitute 
machine welding for hand welding in a given operation 


Fig. 9—Roll-Welded Outer Elbow Adapter Assembly 
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Fig. 10—Ring and Elbow Assembly of I-16 Engine 


sequence, the entire sequence may be revised to permit 
use of the more efficient method. 

There are many other instances of resistance-welding 
applications to other components of this engine. Among 
them are the change on the turbine wheel housing result- 
ing in a saving of almost $100 per part and, on the tail- 
pipe, nearly 1500 in. of resistance welding is performed in 
less than an hour. 

Figure 10 illustrates assembly of the adapters and el- 
bows to the turbine wheel housing. Specifications are 
rigid—there must be no leakage at 45 psi. hydraulic pres- 
sure, under individual and collective test. An example of 
the dimensional tolerances is the illustrated turbine hous- 
ing, which is 19.752 + 0.002 in. It is doubtful that any 
other than the resistance-welding process could be used 
because of the heat shrinkage and warpage which accom- 
panies, to a much greater extent, the use of gas or arc 
processes. 

Metal fabricators interested in a better product at less 
cost will, we believe, be well repaid by careful investi- 
gation of the utilities of resistance-welding techniques. 
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Welding and Other Fabrication Methods 
for Hastelloy Alloys 


By C. G. Chisholm' 


ASTELLOY high-strength nickel-base alloys are 
a series of four alloys, designated by the letters 
A, B, C and D, that have been developed to 
withstand certain severe conditions of chemical corrosion. 
Each grade is designed especially to withstand certain 
severely corrosive media including the common mineral 
acids, such as hydrochloric and sulphuric, over a wide 
range of temperatures and concentrations, and oxidizing 
agents such as ferric chloride and wet chlorine. They 
are available as castings, welding rod and standard mill 
forms that can be fabricated into a wide variety of 
chemical processing equipment such as tanks, auto- 
claves, heat exchangers and coils. 

Hastelloy alloys can be readily fabricated by most com- 
mon welding processes—oxyacetylene welding, atomic- 
hydrogen welding, Heliarc welding, resistance weld- 
ing and the automatic types of welding such as Union- 
melt welding. However, most fabrication work is done 
by the electric arc process, using the metallic arc, 
although recently some light-gage fabrication has been 
done in connection with aircraft exhaust-stack systems, 


* Presented at Annual Meeting, A.W.S., Atlantic City, 
N. J., week of Nov. 17, 


Tt Chemical Engineer, inhhes Stellite Co., Kokomo, Ind. 


Fig. 1—Welding a Flange on a Hastelloy Alloy Tank Outlet 


Fig. 2—Hastelloy Alloy C Extra-Heavy Curved Pipe Coil 
Fabricated by Welding Short Cast Sections 


using the Heliarc welding process. Most fabricators 
have their preferred method of welding, and with the 
proper technique and a little experience a shop’s pre- 
ferred method can readily be adapted to the welding of 
the Hastelloy alloys. 

The physical properties of these alloys make careful 
technique as well as proper sequence of welding opera- 
tions particularly important. In most cases, heat 
treatment is desirable so as not to impair the corrosion 
resistance of these materials. Carbon pickup and undue 
stresses that might cause cracking should also be avoided. 

In general, castings can best be welded by the oxy- 
acetylene or atomic hydrogen process. In the oxy- 
acetylene welding of Hastelloy alloys A, B and C, how- 
ever, it is most important that a neutral flame is main- 
tained during welding to avoid carbon pickup, which is 
detrimental to the physical and corrosion properties of 
the weld metal. For this reason, atomic hydrogen and, 
more recently, Heliarc welding have proved superior to 
the oxyacetylene welding process since there is no 
chance of carbon pickup. When large castings are 
welded, it is desirable to preheat the castings to a dull red 
heat before welding to avoid too great a heat concentra- 
tion at a single point, causing excessive stresses in the 
castings. However, such practice should be followed by 
a full anneal of the material, because holding the alloys 
at red heat for any appreciable length of time impairs 
their corrosion resistance. 
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Fig. 3—Welding Hastelloy Alloy D Flange to Hastelloy Alloy D 
Tube in a Preheat Furnace 


Cast pipe and fittings for coils and similar equipment 
are generally fabricated by oxyacetylene welding, 
although metallic-arc welding has been successfully used 
on large-diameter pipe and is preferable to oxyacetylene 
welding because there is no carbon pickup. 

The welding of Hastelloy alloy D, which is available in 
cast form only, is somewhat more difficult than the 


welding of alloys A, B and C. This material is not so ° 


strong and ductile as the other three grades. Since its 
properties are quite similar to those of cast iron, it is 
necessary to build a suitable furnace to preheat the cast- 
ings to a temperature of approximately 1400° F. before 
welding. Castings should be kept at an even tempera- 
ture throughout the welding operation and then allowed 
to cool slowly in the furnace to approximately 800° F. 
The Hastelloy alloys are not available in clad sheet, 
although some experimental rolling has been done. For 
this reason considerable development work has been 
done on techniques for the welding-in of Hastelloy alloy 
liners. The accompanying drawing shows the various 
techniques employed for the installation of such liners. 
A number of vessels as large as 7 ft. in diameter and 90 
ft. high, to operate under a working pressure of 250 psi. 


No.! No.2 


No.3 


No. 5 


No.6 
Fig. 4—Methods of Seam Weld Attachment Used by Fabricators 
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under severely corrosive conditions, have been lined with 
Hastelloy alloy. For such work, all the welding tech- 
niques shown in the chart have been used. Technique 
No. 2, however, is the least successful since the final pass 
does not completely cover the fillet weld in which there is 
considerable iron pickup and a consequent decrease in 
corrosion resistance. This practice was later modified 


Fig. 5—Strip Welding Hastelloy Alloy B 12-Gage Liner in 
Isomerization Tower 


Fig. 6—Two Pieces of Hastelloy Alloy Sheet Were Welded 
on a Steel Plate. This Produced a Biaxial Stress That De- 
veloped a Small Crack in the Alloy Plate Near the Final Weld. 
Crack Is Not Visible Here; Visible Lines Are Stains Caused 
by Welding Fluxes 


so that the third pass was made by weaving the arc or 
— and thus obtaining full coverage of the two fillet 
welds. 

The Hastelloy alloys, which have low ductility at red 
heats, require proper welding sequence to avoid undue 
stresses. Very rarely is cracking trouble encountered in 
welding a solid Hastelloy alloy vessel. The possibility of 
cracking is much more likely in lining work. Welding 
stresses are naturally much more pronounced where 
light-gage material is being welded to a heavy steel plate 
than in the case of a solid construction where the metal is 
free to move. 

An investigation was made by the Union Carbide and 
Carbon Research Laboratories, Inc., to find the causes 
for cracking that occurs during welding under certain 
conditions. 
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Fig. 7—Magnified 7 Times, the Hairline Crack Running 
Parallel to the Weld Is Visible 


During the welding of two pieces of Hastelloy alloy B 
12-gage sheet end to end on a steel plate */, in. thick 
with the dimensions of the steel greater than those of 
the alloy, a crack was developed, as shown in Fig. 6. 
The pieces of sheet were welded to the steel on three 
sides and finally joined to the steel in the middle. This 
produced a biaxial stress that developed a small crack in 
the alloy plate near the final weld. Figure 6 at one-half 
the normal size shows the welded assembly with the area 
containing the crack, but the small crack itself is not 
visible without magnification. The dark lines parallel 
to the welds are stains caused by welding flux. Figure 7 
is a magnification of 7 times and shows the extent of the 
crack. This type of crack does not always parallel the 
weld but may occur at right angles to the weld or in the 
weld, depending, of course, on the direction of the de- 
veloped stress. This type of crack is an intergranular 
type of failure indicative of a brittle condition in the 
material at the time of failure, as shown in Fig. 8 taken 
at a magnification of 250. In the experiment several 
samples were welded in various ways before the crack 
shown could be produced. Considerable heat resulting 
from an abnormally heavy bead was purposely de- 
veloped in order to produce this abnormal condition. 


Fig. 8—Cross Section of Cracked Area Near Weld at a Magni- 
fication of 250. Note Intercrystalline Type of Fracture, Indi- 
cating a Brittle Condition in the Material at the Time of Failure 


A review of the physical properties of Hastelloy 
alloy B gives a more accurate idea of where this cracking 
occurs. Figure 9 shows these properties, with short- 
time elevated-temperature tests run from room tempera- 
ture to 2100° F. 

Fracture of a tensile-test specimen pulled at room 
temperature (Fig. 10) shows an entirely different type of 
break from that shown in Fig. 8. This failure is trans- 
crystalline rather than intergranular. The distortion of 
the grains in the ductile material should be noted. 

Figure 11 shows the fracture of a tensile-test specimen 
pulled at 815° C. and illustrates the intergranular type of 
break. The ductility of this specimen was very poor, 
since the elongation in 2 in. was 11%. Figure 12 shows 
the fracture specimen pulled at room temperature after 
being held at a temperature of 815° C. for 16 hr. and is a 
transcrystalline type of fracture. Thus, it is apparent 
that the material does not crack from the stresses after 
reaching room temperature, but it does crack when 
severely stressed at elevated temperatures. Further 
study of this work shows that the intercrystalline type of 
fracture that occurred can be reproduced at temperatures 


Results of Tensile Tests at Elevated Temperatures on 
Annealed Hastelloy Alloy B 


Yield Ultimate 
Spec. Temp. Strength Strength $ Elong. % Red. 
No. Tested pei pei in 2" of Area 
A Room 62,000 136, 500 kk 41.9 
1 300°C. 51,500 124 , 800 45.0 41.5 
2 500°C. 56,650 117, 300 33.0 28.6 
3 700°C. 58,200 87,200 9.5 15.5 
4 900°C. - 52,150 18.0 19.6 
5 1000°C. - 26,700 26.0 32.2 
6 1150°C. - 9,000 25.0 39.8 


Bare annealed at 1150°C. 10 min. and water-quenched. 


from 600 to 800° C. Below that range the material is 
ductile. Therefore, when cracking occurs it is the result 
of excessive stresses exerted on the material in the tem- 
perature zone where the alloys are known to have the 
poorest ductility. From the physical properties of these 
alloys, even in the 600 to 800° C. range, it is apparent 
that the stresses required to cause cracking must be un- 
usually severe. 

Although cracking trouble in welding Hastelloy alloys 
is negligible and occurs only when care is not taken to 
avoid excessive stresses, the sequence of welding opera- 
tions should be planned carefully when handling these 
materials. Keeping zones adjacent to the weld below 
the temperatures that produce poor ductility is desirable. 
In welding-in liners this can best be done by directing 
most of the arc or flame toward the heavy steel plate and 
allowing only the edge of the arc or flame to melt down 
the light-gage lining alloy. 

Hastelloy alloys B and C are quite stable, but slight 
precipitation in the grain boundaries will occur when the 
alloys are held in the critical temperature range from 
1200 to 1800° F. for any appreciable length of time. 
On Hastelloy alloy A the precipitation along the grain 


1946 WELDING HASTELLOY ALLOYS 1181 


» 
Fig. 9—The Physical Properties of the Hastelloy Alloys Gives 
a More Accurate Idea of Where Cracking Occurs 
? 
a 


Fig. 10—Fracture of Tension-Test Specimen A. Annealed 

1150° C. and Tested at Room Temperature. [Illustrates Trans- 

crystalline Failure. Note pera of Grains in the Ductile 
e 


boundaries is much more rapid. This precipitation 
causes accelerated rate of attack in the heat-affected 
zone. From the corrosion standpoint this effect is so 
slight on alloys B and C that annealing after welding is 
not always necessary. When the equipment is to be 
subjected to extreme conditions, however, such as in 
handling boiling 20% hydrochloric acid with alloy B or wet 
chlorine gas with alloy C, heat treatment is desirable. 
On Hastelloy alloy A it is preferable to heat-treat after 
welding to avoid accelerated attack in the heat-affected 
zone adjacent to the weld. Alloys A and B are annealed 
at a temperature of 2100 to 2150° F., followed by rapid 
cooling in air; alloy C is annealed at 2200 to 2250° F., 
and cooled rapidly. The time is varied from 20 min. to 
1 hr. depending ot the gage. 


In the wrought form, Hastelloy alloys A, B and C can 
generally be worked in the same manner in which stain- 
less steel, Monel and other similar high alloys are fabri- 
cated. However, the strength of these materials at 
elevated temperatures and their hot-short properties in a 
range of 1200 to 1800° F. make the working somewhat 
more difficult. Fabrication techniques used for stainless 
steel can be adapted to Hastelloy alloys A, B and C and 
these alloys can be formed, bent, deep-drawn, and spun, 
as well as welded. 


In forming Hastelloy alloy sheet or plate it is desirable 
to do most of the work cold. Because of the hot-short 
properties of the alloys they should not be hot worked in 
the red-hot range of 1200 to 1800° F. employed with some 
steel. If hot working is performed it is essential that the 
work be carried out at temperatures above 1900° F. to 
avoid cracking during the forming operations. This, of 
course, is quite difficult to do on light-gage material, and, 
although it is possible on heavier plate, there is still con- 
siderable loss in temperature from heat radiation and 
contact with cold dies. To avoid working the material 
below approximately 1900° F., the actual heat-forming 
time must be extremely limited and several reheats may 
be necessary to finish a simple forming operation such as 
dishing and flanging. Hot working has sometimes been 
carried out by sandwiching the Hastelloy alloy sheet be- 
tween steel to increase the mass being worked and help 
hold the heat and increase the working time before the 
alloy sheet reaches the critical range. Because of the 
problems encountered in hot working the material, the 
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Fig. 11—Fracture of Tension-Test Specimen A6. Annealed 
and Heated at 815° C. for 16 Hr. Tested at 815° C. Inter- 
granular Type of Break 


advantages in cold working are quite evident even if 
intermediate anneals might be necessary on severé form- 
ing operations. 

The drawing and spinning of these alloys can also best 

be carried out cold. The alloys will work, harden quite 
rapidly as compared to stainless steel, and in general 
only approximately 50% of the working that is possible 
to perform on stainless steel can be done on Hastelloy 
alloys without a full Anneal to restore the ductility of the 
material. 
_ The bending of tubing can be carried out cold, and nor- 
mal fillers, such as rosin and sand, are used in the same 
way as with other alloys. Radii should be limited to a 
minimum of three times the diameter of the tube al- 
though, with care, shorter radii have been made. Severe 
forming operations such as making Van Stone joints are 
difficult to carry out and a preferable practice for this 
kind of a joint is the welding of a ring to the end of the 
tube. Perforating is done cold and perforations should 
be limited to a minimum diameter of twice the gage 
thickness. 


Hastelloy alloys A and B are also available in the form 


Fig. 12—Fracture of Tension-Test Specimen A5. Annealed 
and Heated at 815° C. for 16 Hr. Tested at Room Tempera- 


ture. Transcrystalline Failure 
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of drawn wire and can be woven into wire and screening. fabricated by the same methods as those used for stain- 

Hastelloy alloy C has been drawn only experimentally less steel, Monel and other high-alloy materials. Be- 

into wire form and has not yet been woven into wire cause of their physical properties, however, these alloys 

screening, but should be available in this form in the require careful handling in order to avoid such conditions 

near future. as cracking, and lessened corrosion resistance from carbon 
Thus we see that the Hastelloy alloys can be readily pickup or improper heat treatment. 


Locomotive Boilers— 
Welded Construction 


By James Partington! 


* 


HE contribution of the AMERICAN 

WELDING Soctety in the preparation 
of the Welding Code was large and im- 
portant. 

The chronology will bear repetition. 

To obtain a code for welding, the Boiler 
Code Committee of the A.S.M.E. ap- 
pointed a Subcommittee to take up this 
task in 1918. In 1920 the AMERICAN 
WELDING Society was asked to appoint a 
committee to work jointly with the Boiler 
Code Committee in preparing this Code. 

In 1925 the Code which was produced by 
these two Committees was approved by 
the council of the A.S.M.E. and issued in 
the code for Unfired Pressure Vessels. 

In 1931 these welding rules were in- 
cluded in the Code for Power Boilers. 

In 1942 they were added in the Code for 
Boilers of Locomotives. 

Since 1925 welding has made wonderful 
progress: 


1. In the increased amount of welding. 

2. In the increased application of 
welding. 

3. In the improved quality of welding. 

4. In the improved welding technique 
which has been an important in- 
surance against failures of welded 
structures. 


_ * Presented at Twenty-Seventh Annual Meet- 
lag , Atlantic City, N. J., week of Nov. 17, . 

t Manager, American Locomotive Co., New Fig. 2—Grinding Operation to Get the Ends of the Barrel Courses in Perfect Align- ~ , 
York, N. Y. ment Before Welding 


This progress was made possible largely 
on account of the welding code which is 
recognized and followed in general 
throughout industry in this country. 
Welding was used to some extent in the 
construction and repair of boilers of loco- 
motives as early as 1910. There was no 
Welding Code to follow and poor welding 
was done, which sometimes caused dis- 
astrous results. 

The Bureau of Locomotive Inspection 
which has the authority to order locomo- 
tives out of service when they have boilers 
which are considered unsafe, therefore re- 
fused to permit any welding that would be 
subject to stress on the welds—in other 
words, they would accept only welding 
that was supported by other means. 

The application of welding made great 
Fig. 1—A View of Positioning Machinery Which Is UseJ for All Welding Except the strides after 1925 in the fabrication of 

Longitudinal Joints pressure vessels and after 1931 in the fab- 
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rication of stationary boilers but tke appli- 
cation of welding on locomotive boilers 
except in the stayed surfaces of the firebox 
was at a standstill. 

On permission from the I.C.C. the 
operation of one locomotive with a welded 
boiler was permitted in 1938. This loco- 
motive went into service on the Delaware 
and Hudson Railroad and has been in con- 
tinuous service to the present time (eight 
years) without any failures or leaks be- 
cause of the welded joints. 

After five years the I.C.C. was ready to 
grant the operation of more locomotives 
with welded boilers, but during the war 
years no additional welded locomotive 
boilers were constructed. 

Recently two locomotives with welded 
boilers have been put in service on the 
Canadian Pacific Railroad, one on the 
Delaware and Hudson Railroad, and 
welded boilers are under construction as 
listed below: 


One for the New York Central. 

Six for the Chicago and Northwestern. 

Ten for the Chicago, Milwaukee, St. 
Paul & Pacific. 

Five for the Chesapeake & Ohio. 


The type of welding used on these 
boilers is principally smothered arc ma- 
chine welding, the welding being done in a 
down position. 

For the successful production of welding 
by this process it is extremely essential that 
the fitting-up be as nearly 100% as possi- 
ble. 

The boiler joints before welding are 
metal to metal with a tolerance of 0.015-in. 
This, with proper welding conditions, in- 
sures welded joints with a minimum 
amount of cutting out to repair defects 
which may appear under X-ray examina- 
tion. 

To as great an extent as the rules are 
applicable, we follow Section 9 of the 


A.S.M.E. Boiler Code—Welding Qualifi- 
cations for Welding Procedure and for 
qualifying welding operators. 

These rules were drawn up by the 
AMERICAN WELDING Society and are, I 
believe, the most comprehensive and use- 
ful rules in existence to cover the pre- 
liminary steps which should be performed 
toinsure good welding. 

As already indicated the welding on 
locomotive boilers until a short time ago 
was restricted to welding at the firebox end 
of the boiler and there permitted only in 
the stayed surface areas. 

This application of butt joints welded in- 
side and outside on new construction and 
welded from the inside only for repairs 
such as the insertion of a patch on the in- 
side of the firebox have demonstrated 
their superiority to the single riveted lap 
seam previously used. 

Nearly all new fireboxes are completely 
welded and practically all repairs to fire- 
boxes are made with welded joints. 

In this portion of the locomotive boiler 
welding is fully established as a standard 
practice. 

Now that completely welded locomo- 
tive boilers are permitted their use will 
become more general as their superiority 
to riveted boilers becomes generally 
recognized. 

This superiority can be briefly sum- 
marized as follows: 

1. The elimination of riveted joints 
which are likely to have some seepage be- 
tween the boiler plates especially on 
modern boilers operated at high steam 
pressures. 

2. Elimination of boiler seepage re- 
moves the possibility of cracked sheets 
from this cause. This seepage frequently 
causes cracks of an intercrystalline charac- 
ter to develop. 

3. The smooth contour of a welded 
boiler permits a much easier application of 


Fig. 3—The Partially Completed Boiler on the Positioning Machine 
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the boiler lagging and this same smooth 
surface on the inside makes boiler wash- 
outs easier and more thorough. 

4. On many modern locomotives the 
saving in weight of the welded design ys, 
the riveted boiler is an important item, 
This saving will vary with the size and 
type of the locomotive and will be from 
3000 to 6000 Ib. 

5. The saving in the maintenance 
costs with a welded boiler is an important 
item. It is reasonable to expect no re- 
pairs to the boiler shell. The repairs to 
riveted boiler shells at or near the riveted 
joints is often a heavy expense. 

This paper will not be complete without 
giving some indication of the probable 
relative cost of welded locomotive boilers 
vs. riveted. 

In the stationary boiler field, ordinary 
fire tube boilers, for example, horizonta! 
tubular boilers, are built as a standard in 
lots of sufficient volume to make them a 
production line output. 

In the high-pressure water tube boilers 
the production is limited to a small num- 
ber of any one design. They are not a 
production line job but the pressure 
drums have welded joints because the 
pressure and wall thickness offer conditions 
that cannot be satisfactorily met with 
riveted construction. 

In the locomotive boiler industry pro- 
duction line conditions are nonexistent and 
reduction in cost cannot be obtained in 
this manner, as is possible in the fire tube 
stationary boiler industry. 

Also, we do not have high pressures or 
great wall thickness that cannot be met 
with riveted construction at least reason- 
ably well. 

Manufacturing experience, which | 
admit is confined at this time to a very 
limited production, shows a considerable 
additional cost for welded boilers. 

This additional cost is being kept down 
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Fig. 4—The Boiler on the Positioning Machine 


all possible by the use of positioning ma- 
chinery to produce the maximum amount 
of down welding. 

This down welding is done automati- 
cally at the rate of 12 to 16 in. lineal 
length per minute and shows a reduced 
cost over hand welding for this type of 
construction. 

This reduced cost, however, is not as 
great as would be realized on production 
line output, because the types and sizes of 
locomotive boilers have such large and 
complex variations. 

These variations include not only di- 
ameter length and working pressure but 
the more serious variation in the align- 
ment of the barrel courses. 


Current Welding Literature 
(Continued from page 1178) 


Oxyacetylene Welding Aluminum and Its Alloys. Can. Metals & 
Met. Industries, vol. 9, no. 7 (July 1946), pp. 29-32, 48. 

Oxyacetylene Welding, Cast Iron. Use of Bronze Welding in 
Repairing Draw Bench Cylinder. Steel, vol. 119, no. 14 (Sept. 


30, 1946), pp. 82, 105. 


_ Oxygen Cutting, Cast Iron. Economical Method of Flame-Cut- 
ting Cast Iron. Steel, vol. 119, no. 12 (Sept. 16, 1946), pp. 115- 


116. 


_ Oxygen Cutting. Precision Flamecutting in Quantity Produc- 
tion, F. M. Burt. Western Metals, vol. 4, no. 7 (July 1946), pp. 


32-34. 


Control, R. F. Helmkamp. Machine Design, vol. 18, no. 4 (Apr. 


1946), pp. 137-142. 
Petroleum Refineries, Stainless Steel. 


New Type Stainless, J. 
S. Ewing. Western Metals, vol. 4, no. 8 (Aug. 1946), pp. 27-30. 

Pipe Lines, Construction. Price Organization Has Worked on 
16,000 Miles of Pipe Line in 25 Years of Existence, N. Williams. 
Oil & Gas J., vol. 45, no. 20 (Sept. 21, 1946), pp. 261, 297. 

Rails, Testing. Fatigue Tests of Rail Steel Under Compressive 
Stress, R. S. Jensen and H. F. Moore. Am. Soc. Testing Matls.— 
Preprint no. 38 for meeting (June 24-28, 1946), 8 pp. 

Shipbuilding. Future Ships—Will They Be All-Welded? J. L. 


Some boilers have a straight barrel, that 
is, the same diameter throughout. Others 
have a conical section for some course of 
the barrel variously located. 

Sometimes this conical section is the 
first course of the barrel, sometimes the 
middle course and sometimes the rear 
course. 

Sometimes this conical course is the 
right frustrum of a cone making the setup 
for down weiding still more difficult. 

All of these variables entail special set- 
tings of the positioning devices and in- 
crease materially the number of man-hours 
required for setting up the structure ready 
for welding. 


The importance of a correct and close 
tolerance setup cannot be too strongly em- 
phasized. 

Despite the increased cost the railroads 
will find that the use of welded boilers will 
materially reduce their locomotive costs, 
because of the reduced maintenance and 
reduced time in the shop for boiler re- 
pairs. 

The greater availability—that is, the 
greater number of hours per year that a 
locomotive is hauling trains—is not es- 
sentially an item that is shown in the 
Accounting Department’s figures but it is 
an important one on the credit side of the 
ledger. 


Stainless Steel. Welding of Stainless Steel, G. C. Keifer. Heat- 
ing, Piping & Air Conditioning Contractors Nat. Assn.—Off. 
Bull., vol. 53, no. 8 (Aug. 1946), pp. 67-69, (discussion), 69-72 


Steel Heat Treatment. Effect of Stabilizing and Stress Relief 
Heat Treatment Upon Welded 18-8 Stainless Steel, W. G. Hubbell. 
Western Metals, vol. 4, no. 7 (July 1946), pp. 19-22. 


Steel, Weldability. 


Steel Heat Treatment, Stress Relief. Steel Castings and Weld- 
ments Residual Stress Relief, C. R. Jelm and S. A. Herres. Am. 
Foundryman, vol. 10, no. 3 (Sept. 1946), pp. 37-47. 
Developments in Low Alloy Steels for Weld- 
ing Construction, A. J. K. Honeyman and J. Erskine. Metallur- 
gia, vol. 34, no. 201 (July 1946), pp. 133-139. 

Tanks, Welded Steel. Superior Tank & Construction Co. of 
Los Angeles Leads Way in Fabricating Metal Spheres. Western 
Metals, vol. 4, no. 9 (Sept. 1946), pp. 41-43. 

Trusses, Welded Steel. New Type All-Welded ‘“H’’ Truss De- 


veloped. Eng. & Contract Rec., vol. 59, no. 9 (Sept. 1946), pp. 
Oxygen Cutting Machines, Control. Electronics Actuates Tracer 58-59. 


Welded Steel Structures. Design of Weldments for Best Re- 


sults at Lowest Costs, I. A. Oehler. Product Eng., vol. 17, no. 8 


Welds, Stresses. 


Welds, Testing. 


Adam and C. §. Lillicrap. Inst. Welding—Trans., vol. 9, no. 3 1946), pp. 847-850. 


(June 1946), pp. 84-86; see also Machy. Market, no. 2381 (June 
21, 1946), p. 266; Shipbldr. & Mar. Engine-Bldr., vol. 53, no. 449 


(1946), pp. 359-361. 


Soldering, Electric. Radiator Production Accelerated by In- 
a Soldering. Iron Age, vol. 158, no. 17 (Oct. 24, 1946), p. 


Welds, Testing. 
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(Aug. 1946), pp. 86-89. 
Welding. Wartime Advances in Welding. Arch. Rec., vol. 

100, no. 1 (July 1946), pp. 111-115. 

Crack Sensitivity of Chromium-Nickel Stain- 

less Weld Metal, R. D. Thomas, Jr. Metal Progress, vol. 50, no. 

3 (Sept. 1946), pp. 474-479. 

Resistance-Seam-Welded Sacks Used as Hy- 

draulic Presses, R. T. Gillette. Gen. Elec. Rev., vol. 49, no. 7 

(July, 1946), pp. 7-10; 


see also Welding J., vol. 25, no. 9 (Sept. 


Strength and Safety of Welded Joints, M. Ros. 
Engrs.’ Digest (American Edition), vol. 3, no. 8 (Sept. 1946), pp. 
433-435; see also Engrs.’ Digest (British Edition), vol. 7, no. 9 
(Sept. 1946), pp. 265-267. 

Welders, Training. Tests for Use in Training of Welders. Brit. 
Standards Instn.—Brit. Standard, no. 1295 (1946), 32 pp. 


XYGEN cutting of steel by the oxi- 

dation process depends principally 
on the chemical ‘mixture’ of metal and 
oxygen at a constant rate. In all types of 
oxygen cutting, whether accomplished by 
shape cutting machine or by hand, a cut- 
ting torch and tip is moved along the path 
to be cut. As the cutting oxygen issues 
from this tip, it is evident that the rate of 
mixture of both the oxygen (flowing from 
the tip) and the metal (being passed over 
by the movement of the torch and tip) 
must bear a definite relationship. 

There is a theoretical quantity of oxygen 
required to completely oxidize a unit vol- 
ume of metal, but this total theoretical 
quantity is never actuaily required. This 
is due to some portion of the hot uncut 
metal being eroded by the action of the 
molten slag, plus some of the same hot 
metal being blown away by the actual 
velocity of the cutting oxygen stream. In 
addition, various thickness s of metal re- 
quire different diameters of cutting oxygen 
orifices, not for the reason that one large 
cutting tip could not be throttled to de- 
liver smaller quantities of oxygen at lower 
pressures for lesser metal thicknesses, but 
rather to take advantage of the longer and 
higher velocity stream that is developed 
when the lesser quantity of cutting oxygen 
is supplied through the small diameter 
cutting orifice. Consequently, practical 
experience gained in the actual cutting of 
any one specific metal thickness will em- 
pirically determine the tip size, the cutting 
speed and the required oxygen volumetric 
rate (commonly evaluated by the pressure 
required to deliver it). 

When the proper size of cutting tip has 
been chosen for the cutting of a certain 
thickness of steel, it has been observed that 
the cutting speed may vary over a reason- 
able range, and also that the required oxy- 
gen volume may also vary within limits. 
As the speed goes up (more metal pre- 
sented to the tip per unit of time), the 
oxygen volumetric rate must be increased, 
to at least maintain the same quantity of 
oxygen per unit volume of metal. 

Thus, the consideration of only a few of 
the factors that affect oxygen cutting has 
led back to the original statement that 
“oxygen cutting depends principally on 
the mixture of metal and oxygen at a con- 
stant rate.” In the analysis it became 
apparent that the speed could be decreased 
for any specific metal thickness, but to 
maintain the ‘mixture at a constant rate,” 
the oxygen volumetric flow would have to 
be decreased. It thus became further 
apparent that there can be no one absolute 
mathematical relationship between (a) 


* Presented before several Sections of the A.W.S. 
t Research and Development Dept., National 
Cylinder Gas Co., Chicago 6, Ill. 


lame Cutting Operating Data 


By A. F. Chouinardt 


metal thickness and cutting speed, nor one 
between (5) metal thickness and cutting 
oxyger consumption. However, for any 
given metal thickness the speed and oxy- 
gen consumption may be averaged, and it 
is the use of these averages that can be- 
come extremely useful. In addition it is 
possible to further simplify the mathe- 
matical relationship of the averages into 
simple rules of thumb for actual shop use 
or for estimating purposes. 

The graph shown in Fig. 1 represents 
the range of cutting oxygen in cubic feet 
per hour, required for various thicknesses 
of metal. The average value of this rela- 
tionship is indicated by the solid curve 
whose equation is indicated on the graph. 
This mathematical function is specifically 
for the average value of the oxygen per 
metal thickness. (The maximum and mini- 
mum volumes are shown dotted in Fig. 
1.) This volume is equal to the constant 
95.5 times the plate thickness in inches 
raised to the 0.8425 power. To anyone 
doing practical work this formula is more 
than useless, because all it does is represent 
mathematically the relationship that 
exists. It is possible, however, to substi- 
tute values of plate thickness in inches 
for the factor 7, but this equation cannot 
be solved without the aid of a table of 
logarithms or the use of a log log slide 
rule. Even if the equation could be rap- 
idly solved in the shop, it would give only 
this average value, and this average value 
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would be of not much more benefit than a 
simple estimate. 


Consumption for 
Material Thickness from '/, to 2 In. 


From an inspection of this equation it 
has been found that for all practical pur- 
poses a simple arithmetical relationship 
exists. These relationships are two in 
number. The first one is indicated in the 
lower position of Fig. 1 for plate thickness 
from '/s to 2 in., inclusive. It may be 
seen that metal thicknesses are drawn on 
the vertical coordinate from '/s in., in 
steps of '/s of an inch, up to 2 in. If 
stock of '/s in. thickness is being cut, it 
will require approximately 17 cu. ft. of 
cutting oxygen per hour. Or, stated 
another way, the volumetric rate per hour 
of oxygen passing through the tip is 17 cu. 
ft. For each additional '/, in. of thickness, 
there is required, on an average, 11 addi- 
tional cu. ft. per hour of oxygen. As an 
example, '/, in. of thickness, which is two 
8ths, requires 17 cu. ft. for the first '/s in., 
plus 11 cu. ft. for the second */s in., or a 
total of 28 cu. ft. For each additional 
1/, in., there is added 11 more cu. ft., or 
for */, in. thickness, 28 for '/, in., plus 11 
for the final '/; in., or a total of 39 cu. ft. 
To see how this rule of thumb varies only 
slightly from the average value, the total 
volumetric rate of cutting oxygen com- 
puted by this rule of thumb totals 94 cu. 
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ft. for a 1 in. thickness. If a 1 in. thick- 
ness is substituted in the formula, the 
right-hand side of the equation becomes 
95.5 cu. ft. The difference between 94 
and 95'/; being only 1'/, cu. ft. of cutting 
oxygen, is approximately less than a 2% 
error, which for rapid estimating is prac- 
tically negligible. 

In summary, it should be remembered 
that this portion of this rule of thumb 
holds from '/s in. to 2 in. of metal thick- 
ness. Remember that the first 1/s in. of 
thickness requires 17 cu. ft., and that each 
succeeding '/s in. requires an additional 

1 cu. ft. of oxygen per hour of torch use. 


Estimati gen Consumption for 
Material ess from 2 to 15 In. 


The second rule of thumb permits cut- . 
ting oxygen consumption rates to be esti- 
mated from 2 to 15 in. A similar method 
is followed as shown in Fig. 2, except that 
the base quantity of 180 cu. ft. is indicated 
as being required for the first 2 in. of metal 
thickness (the estimate arrived at by Fig. 
1 indicates 182 cu. ft. for 2 in., but for easy 
remembering this figure has been rounded 
off to 180 cu. ft. for the first 2 in., in this 
second rule of thumb). For each addi- 
tional 1 in. of metal thickness there is re- 
quired an additional 55 cu. ft. of cutting 
oxygen. For instance, 4 in. metal thick- 
ness will require 180 cu. ft. for the first 2 in., 
and for the final 2 in., 55 cu. ft. for each 
<r inch, making a total of 290 cu. 

The significant figures to remember in 
this second rule of thumb are 180 cu. ft. of 
oxygen per hour is required for the first 2 
in. of thickness, and 55 cu. ft. for each 
additional inch up to 15 in. of thickness. 


Rule of Thumb for Estimating 
Cutting Speeds 
The mathematical relationship between 
thickness and average torch speed in 
inches per minute is equal to the constant 
11.5, times the metal thickness in inches 
raised to the minus 0.3869 power, as shown 
in Fig. 3. This relationship can be solved 
by the use of a table of logarithms or a log 
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log slide rule, but the resultant speed ob- 
tained would again be an average speed. 
Consequently, a simple rule of thumb 
proves as advantageous for estimating as 
would the exact determination by substi- 
tution in the formula. 


Cutting Speeds for Plate Thickness from 
1/,to In. 


On the left-hand side of Fig. 3 there are 
illustrated five examples of various metal 
thicknesses. The estimated speeds are 
reasonably self-explanatory, but as an ex- 
ample: The '/, in. thickness is equivalent 
to two 8ths. These two 8ths are to be 
subtracted from the base figure of 20, and 
the remainder, 18, is the approximate 
speed in inches per minute for the torch. 
For a thickness of #/s in., the numerator, 
3, is subtracted from 20, giving a remain- 
der, 17. This is the speed in inches per 
minute. For the 1 in. of thickness, which 
is equivalent to eight Sths, it is only neces- 
sary to subtract 8 from the base figure, 
20, to obtain the remainder of 12, which 
is the approximate speed in inches per 
minute. This rule of thumb is reasonably 


FOR PLATE THICKNESSES 
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accurate from '/, to 1'/,in. For a thick- 
ness under '/, in., it is obvious that the 
speed is greater than 20, it being gener- 
ally in the neighborhood of 25 in. per min. 

Remember that the number of eighths of 
thickness should be subtracted from the 
base numeral of 20. 


Cutting Speeds for Plate Thickness from 3 
to 12 In. 


Figure 3 (right-hand side) illustrates 
the rule of thumb for estimating cutting 
speeds for plate thickness from 3 in. to 
12 in. Notice that the numeral 6 in both 
columns is bracketed. This is the starting 
point to remember. For every increase 
in thickness of 1 in., the speed should be 
decreased '/, in. This is pretty much ob- 
vious from the table, as 7-in. thickness has 
a speed of 5'/; in., 8 in. has 5 in., 9 in. is 
4'/, in., and so on up to a maximum of 
12 in. 

Knowing that as the metal thicknesses 
decrease the cutting speeds increase, and 
again starting from the base figure of 6 in. 
per minute for 6 in of stock ‘/2 in. per 
minute of speed should be added for every 
1 in. decrease in thickness from 6 to 3 in. 
This is also self-evident from Fig. 3. 

For plate thickness from 3'/; to 12 in., 
speeds increase or decrease */; in. per min- 
ute, per inch of thickness, in each direction 
from the easily remembered average speed 
of 6 in. per minute for 6 in. of thickness. 


for Plate Thickness from 
/, to 3 In. 


No satisfactory rule of thumb can be 
evolved to determine cutting speeds for 
plate thickness between the ranges of 1'/, 
to 3 in. of plate thickness. Knowing, how- 
ever, that the speed for 1'/, in. is approxi- 
mately 10 in. per minute (from Fig. 3, 
center portion) and that the cutting speed 
for 3 in. is approximately 7'/, in. per 
minute (from Fig. 3, right portion), it is 
easy to remember that thickness from 1'/, 
to 3 in. will be between 10 to 7'/; in. per 
minute. 


Cutting | 


Nesting Shapes in Production Cutting 


In any consideration of oxygen cutting, 
the question of nesting identical shapes is 
of importance in production to economize 
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Fig. 4 


on consumption of plate stock. A first 
thought on the subject could erroneously 
lead to the conclusion that a staggered 
arrangement would always insure a saving 
of plate stock, but further analysis shows 
that this is not necessarily correct. That 
there is a boundary line as to where cer- 
tain shapes should be rectangularly ar- 
ranged, or nested, can easily be shown by 
considering the problem of cutting a quan- 
tity of disks. 

In cutting a quantity of disks of less 
than the number determined by the value 
indicated by the relationships shown in 
the table in Fig. 5, it would be more eco- 
nomical to simply place them in a rec- 
tangular arrangement. The reasons for 
this can best be seen by reference to the 
illustrations. 

Figure 4 (upper and lower left) illus- 
trates the simple rectangular arrangement. 
The enlarged view of the corner of the 
plate shows six disks enclosed by a rec- 
tangular outline. Figure 4 (upper and 
lower right) shows an enlarged view of six 
disks in a staggered arrangement. When 
equal numbers of disks per row are stag- 
gered in rows, there is added once the area 
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A shown to the right in Fig. 4. As the 
number of disks in each row increases, the 
area of metal saved is indicated by the in- 
crease in the area B. At the point where 
the long rectangular area B equals the area 
A, there is no choice between the two 
methods of arrangement (i.e., the quantity 
of disks, when the areas are equal, could 
either be rectangularly arranged or stag- 
gered). The method of employing the 
table in Fig. 5 to obtain plate economy 
may best be understood by referring to the 
example illustrated in Fig. 5. 

It is necessary first to determine how 
many rows of disks may be staggered 
across the front edge of the plate. To do 
this, consideration must be paid to the 
number of torches on the machine (as the 
number of disks that can fit across the 
plate stock must be multiples of the num- 
ber of torches on the machine). Once 
this figure is established, it should be found 
in the left-hand column of the table in 
Fig. 5, and the number corresponding to 
it in the right-hand column will then in- 
dicate how many disks in each row are 
necessary before a saving of metal area 
becomes possible. 
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Fig. 5 


In the example illustrated, it shows that 
six disks will fit into the particular width 
of metal plate. Allowance for each disk 
has already been made for the spacing 
necessary between disks, and for the kerf 
that will be produced. As six disks may be 
staggered across this particular width of 
machine (cut three at a time, as this is a 
3-torch machine), at least four disks in 
each row are necessary before metal econ- 
omy is possible. The quantity of six across 
the width of the machine (in the left-hand 
column) indicates a minimum of four disks 
per row (in the right-hand column). As 
the quantity of disks increases, the saving, 
of course, becomes greater. 

It is conceivable that the relationships 
in the table of Fig. 5 will not be of assist- 
ance in certain cases. Where the num- 
ber of disks across the width of the ma- 
chine do not total a dimension that is 
reasonably close to standard plate sizes, it 
will be necessary to compute each case 
individually to determine whether the 
disks should be staggered or not. This is 
also the method that will have to be em- 
ployed when nesting shapes that are simi- 
lar to disks. 
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Projection Welding of Fasteners 


By Robert A. Reich* 


Preface 


This paper on ‘‘Projection Welding of Fasteners’’ is being pre- 
sented to the Resistance Welder Manufacturers’ Association with 
the hope it may provide helpful information to users of fasteners 
who have not yet taken advantage of the remarkable possibilities 
made possible by resistance welding. 

There is no faster, more economical or stronger method of 
attaching fasteners than by projection welding. This should offer 
a challenge to every designer and fabricator of metal parts. 


ROJECTION welding of fasteners is one of the most 
prominent in its field. It is a method of resistance 
welding whereby the current flow and heating dur- 

ing the welding operation are localized at predetermined 
points called ‘“‘projections’’ or embossments.”’ During 
the past ten years the increased use of projection welding 
for attaching fasteners has been phenomenal. 

Fasteners provide the means by which the component 
parts of an assembly are held together. When deter- 
mining whether a job should be projection welded, the 
following factors should be given consideration : 

1. The materials used must be suitable for welding. 

2. The work to be welded must be so designed and of 
the size to enable it to be carried to the welder. 

3. The quantity must be large enough to warrant the 
cost of tooling up. 

In applications where it is necessary to obtain a water- 
tight weld, a product designed with an annular projection 
should be used as shown in Fig. 1. The product may not 
be required to have an internally tapped hole, in which 
case a bolt or a sheet-metal stamping with an embossed 
annular projection may be used. 

Figures 2 and 3 illustrate the savings made possible 
by welding fasteners to curved surfaces, such as steel 
tubing or solid bar. A job of this type, if not projection 
welded, would require many expensive operations, such 
as drilling and tapping, and inserting a threaded stud. 

One of the most important advantages of projection 
welding has been the economy of attaching parts of ir- 
regular shape to sheet metal which could not be spot 
welded. A few special fasteners of this type which are 
used extensively are shown in Fig. 4. All of these designs 
are suitable for multiple welding. Many times, three or 
four products of the same design can be welded in one 


operation and, consequently, the cost of welding is greatly 
reduced. 


* Chief Engineer, The Ohio Nut & Bolt Co., Berea, Ohio. 


Fig. 2 


Sheet-metal stampings such as brackets, hanger straps, 
reinforcing angles and many other products of this nature 
cat be projection welded by forming embossed projec- 
tions in the sheet metal. If the fastener is properly de- 
signed, and the welder is set up correctly, the welded joint 
should never fail. A good weld has been obtained only 
when the projections pull metal from the sheet as illus- 
trated in Fig. 5. 

Before designing a fastener to be projection welded, it 
is well to keep in mind the importance of setting up the 
correct material specifications. Many materials may be 
suitable for projection welding, but are difficult or im- 
possible to upset and cold work. The following materials 
are well suited in both respects: low-carbon steel (carbon 
0.20 max.), high brass, Everdur, naval brass, Monel and 
stainless steel (18-8, type 302). For example, it is much 
better to specify a product to be made in low-carbon steel 
with the diameter or cross-sectional area of the product in- 
creased to obtain the same strength as the product would 
have if made from No. 1035 or No. 1045 steel. Many 
times, when welding steel over 0.20 carbon, it is necessary 
to preheat before welding, or use a postheat after welaing 
in order to reduce the cooling rate. Sudden cooling of a 
welded section will result in very brittle welds that are 
apt to fail under strain. Many dissimilar materials may 


be welded together, in fact all the materials listed above 
as being suitable for projection welded fasteners may be 
welded, using any combination of these materials. 

In respect to finish specifications on fasteners, the 
optimum welds are always made on products furnished in 
bright finish. Bright finish means a clean surface without 
scale or other foreign materials, such as platings, etc. 
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Fig. 5 


Many times a completed assembly may be too large to 
plate economically, in which case it is much better to have 
the fastener and sheet plated before they are welded. 
Zinc (Electro-galvanizing) and cadmium are two platings 
which do not materially affect the welding operation and 
good strong welds can be obtained. Weld products 
should never be specified with Parkerized or Black Oil 


Fig. 6 
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finish (annealed finish) as these finishes are very poor con- 
ductors of electricity, and if used it would be necessary to 
burn through the finish on the first impulse, and do the 
actual welding on succeeding impulses. In cases of this 
type it would be necessary to use a pulsating timer which 
automatically controls the number of impulses and cycles 
during the ‘‘on”’ and “‘off” periods. 

In designing a fastener it is important to bear in mind 
the function it is to perform. All other factors are second- 
ary, such as weldability and appearance, but it is also im- 
perative that the item be produced economically in pro- 
duction quantities. It is advisable to consult the manu- 
facturer of the fastener as in many cases he will be able to 
offer helpful suggestions which will often reduce the cost 
of the article and make it more satisfactory in its bonding 
capacity. It is also quite necessary that the thickness of 
the fastener where the projections are located be approxi- 
mately the same as the thickness of the sheet metal to 
which the fastener is to be welded. When the thickness 
of the fastener and the sheet metal vary over 100% it will 
be necessary, in many cases, to compensate for the differ- 
ence by using electrodes of different electrical conduc- 
tivity, or by reducing or increasing the diameter of the 
electrode to obtain the proper heat balance. 

From experience it has been found that the first method 
gives.the most satisfactory results. Whenever possible, 
the fastener should have a flat surface adjacent to the 
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electrode. This will increase the electrode life and 
simplify the making of the electrode. Figure 6 illustrates 
the correct and incorrect design. 

Many types and designs of projections will give good 
results, but whenever possible an integral projection is 
recommended. The embossed projection is used for 
many sheet-metal fasteners, but, as shown in Fig. 7, the 
embossing leaves a weak section in the parent metal ad- 
jacent to the projection. During the welding operation 
the projection has a tendency to collapse and flow back 
into the sheet. 

Three projections provide a ‘Three Point Bearing’ 
and should be specified whenever possible. When it is 
impossible to use three projections, it is much better to 
have one or two than a number exceeding three. If more 
than three projections are used it is very difficult to get 
uniform electrical contact on all the projections, conse- 
quently some of the projections will not be welded, and 
the resulting strength of the total welded area, in some 
cases, may only be 50% of the estimated strength. 

The contour of the projections should have a parabolic 
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Copper Electrode 
Fig. 9 


form which will always give point contact or line contact 
in case an annular projection is used. The height of the 
projections is determined by the thickness of the sheet to 
which the product is to be welded. In no case should the 
projections be of greater height than the thickness of the 
sheet. The best welding results will be obtained by mak- 
ing the projection height 50 to 70% of the thickness of the 
sheet metal. On thin stock it is well to work to the high 
side of the range. When welding to stock over !/s in. 
thick, the height of the projections should be held to the 
low side of the permissible working range. The diameter 
or area of the projections is determined by the required 
strength of the weld. The total area at the base of the 
projections should be equal to or slightly greater than the 
area of the weakest section of the fastener. The same ten- 
sile strength can be figured on for the welded joint as the 
tensile strength of the parent metal. A hidden safety 
factor is obtained in the welding operation as the projec- 
tions, when being welded under pressure, flatten out and 
the weld area is actually increased in diameter by 20 to 
30%. Regardless of whether one or multiple projections 
are used, the size must be based on the combined area of 
all the projections. 

The type of projection used depends upon the con- 
ditions involved for each application. When welding to 
material very thin, such as 0.015 in., multiple spherical 
projections should be used as they will help to 
‘eliminate deformation in the sheet metal which would un- 
doubtedly occur if one large projection were used. A 
single spherical projection will give the best results when 
welding to stock over 0.093 in. thick, and when the metal 
is slightly concave or convex. The most important ad- 
vantage in an application of this type is the single point 
contact provided by one projection. If the single projec- 
tion is used on sheet metal thinner than that specified, 
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there will be excessive discoloration, and the sheet will be 
slightly deformed. 

The rib-type projection will give very strong welds 
when welding to plate over */\. in. thick, and when the 
fastener also has a heavy section where the projections are 
located. The cone projection is also recommended for 
welds of this type. 

The bevel and annular projections are used when 
water- or gastight welds are required. The annular pro- 
jection is ideally suited for sealed welds but requires good 
welding equipment. A press-type welder with modern 
electronic controls is essential. The faces of the elec- 
trodes must be maintained parallel at all times. The 
bevel projection requires considerably more pressure and 
current to weld, and it is possible to obtain fairly good 


Knock-out hole 
Fig. 12 


welds even with the use of a rocker arm welder as the pro- 
jection being tapered, locates itself. 

Due to the flattening of the projections during the 
welding operation, quite often there may be a parting of a 
few thousandths of an inch between the fastener and the 
sheet. In most cases this is not objectionable, but can be 
overcome by having a recess adjacent to the projection 
which provides a space for the excess volume of material 
from the projection to flow. The projection welder is one 
of the most flexible machines being made today. To 
change a job, only electrodes and fixtures for holding the 
work are replaced. The design of the electrode is based 
on the type of product to be welded, material specifica- 
tions and number of welds to be made. In high-produc- 
tion welding it is advisable to use a hard alloy facing ap- 
proximately '/, in. thick which can be brazed to the cop- 
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per base electrode. The facing material should have a 
minimum hardness of 90 Rockwell ‘‘B”’ and an electrical 
conductivity of not less than 30% that of copper. Figure 
9 shows the construction of a hard-faced electrode. 

When small sheet-metal stampings are to be welded it 
is best to build a fixture to hold and locate the work dur- 
ing the welding operation. The same principle applies to 
making jigs for welding that would be used for any pro- 
duction job on a punch press, milling machine, etc. All 
holding devices should be well insulated, and conductors 
kept out of the loop as much as possible. Electrodes de- 
signed such as shown in Figs. 10 and 11 will give fine re- 
sults when welding fasteners which are threaded inter- 
nally or externally. The insulating materials used for 
bushings, pilots, spacers, etc., should be heat resistant 
and very hard. This eliminates excessive wear. 

In multiple welding, individual electrodes should be in- 
serted in a copper block to enable each electrode to be re- 
moved for refacing or replacing. It is also an advantage, 
in making adjustments, to obtain uniform contact on 
each product. Figure 12 illustrates a multiple-welding 
die of which the basic design can be used for many differ- 
ent applications. The universal or flexible type electrode, 
see Fig. 13, should be used only when it is impossible to 
obtam a parallel relationship between the faces of the 


electrodes. This condition is usually evident when g 
rocker arm type welder is used. 

Many different types of press welders are manufactured 
today to suit the various requirements in the resistance 
welding field. The standard size press welders being 
manufactured at present are as follows: 

Figure 14 is a schematic diagram of a typical press 
welder best suited for the projection welding of fasteners, 
With modern electronic timing devices it is possible to 
obtain uniform and dependable welds at all times. 

When welding to sheet metal '/s; in. and thinner, the 
75-kva. welder is one of the most practical and economical 
machines. It has a wide range of capacity, and can be 
used efficiently on many small jobs where only 10 to 
15 kva. is required. It is impossible to set up a chart on 
the complete welding setup required to weld fasteners as 
there are so many variables present, such as thickness of 
sheet metal to which fastener will be attached, mechanical 
condition of welder, type of material, etc. In most cases 
the weld should be made in as short a period as possible, 
preferably from 5 to 40 cycles. The pressure will vary 
from 200 to 1500 Ib. total electrode pressure, depending 
on the job. 

During the welding operation there should be very little 
spitting or sparking. If this condition does arise, the cur- 
rent should be reduced, as the current density is too great 
in the projection and it is actually exploding. 

The following factors should be given due consideration 
when projection welding: 

1. A parallel relationship should always be main- 
tained between opposing faces of electrodes. 

2. Electrodes should be water cooled and the water 
should flow as close as possible to the tips. The inlet 
water tube should not be less than '/, in. inside diameter. 

3. The electrodes should be located on the center line 
of pressure application to eliminate wear on the machine, 
and will also insure more uniform welds. 

4: A coat of cup grease can be applied to both dies 
when new. This will minimize the sticking of work to the 
dies. 

5. The throat area should always be kept at a mimi- 
mum. The larger the throat area, the greater the re- 
actance that must be overcome. 

6. All clamps and pins used for locating work must be 
insulated and all moving devices for locating work must 
be protected from flashing. This is very important on 
high-production welding as flashing could get across the 
insulated pins causing a direct electrical short. 

In spite of the great progress made in the resistance 
welding field, the possibilities are still unlimited, and 
many improved methods will be developed due to the 


- ever-increasing demands placed upon the manufacturers 


of resistance welders by industry as a whole. 
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Efficiency of War-Born Operating 
Methods Is Inspiration for Today's 
Welding Production 


By A. F. Davis* 


HE nation’s remarkable production record during 
the war years was not confined to large-scale fabri- 
cators and vast assembly plants, but was also 

achieved by thousands of relatively small concerns that 

accomplished remarkable results in mass-producing in- 
numerable items needed by our armed forces. 

It is significant to note that in many cases, arc welding 
figured prominently in those achievements as indicated in 
a review of the work of a number of typical customers of 
The Lincoln Electric Co., Cleveland, Ohio. 

One such plant, for instance was Cleveland Steel Erec- 
ting Co., of Bedford, Ohio, where a changeover was made 
from the normal work of erecting mammoth steel mill fur- 
naces, factories, bridges and similar types of structures, to 
the fabrication of 5000 tank-tread units per day. While 
such production setups were spurred by the duress of war, 


* Vice-President, The Lincoln Electric Co., Cleveland, Ohio; 


Fig. 2—View of Shop-Designed, Weld-Fabricated Conveyor 
Unit with Gravity Feed (Top) and Chain-Drive Conveyor 
(Bottom) for Finished Weldments. Sprockets Shown Here 
Were Salvaged from an Old Chain Hoist 


their adaption to meet current civilian demands is en- 
tirely feasible. 

The war job consisted of fitting and welding a link, 
bottom plate and grouser into an integral unit, a number 
of which are fastened together to form the tank track 
‘assembly. The three separate pieces mentioned above 
are shown at the left in Fig. 1, with the parts in their rela- 
tive positions before welding. The unit at right, Fig. 1, 
is the finish welded structure. 

A remarkable phase of this mass-production project 
was the ingenious way in which a limited space was used 
to gain the utmost speed and efficiency in handling and 
weld-fabricating. Also of particular interest was the fact 


Fig. 1—Component Parts of Tank-Tread Units (Bottom) Are Shown that the entire arrangements were completed and full pro- 
with Completely Welded Structure (Top) duction was under way in only about three weeks. 
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Stockpiles of the pre-cut and formed pieces were lo- 
cated at one end of the plant where laborers assembled 
the three separate parts in groups and placed them on a 
gravity roller conveyor seen at the top in Fig. 2. The 
bottom section of this shop-designed and shop-built struc- 
ture consists of an electric motor powered conveyor 
driven by two endless chains as seen in this view. 


Fig. of 
Be T 
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The parts were fed down the gravity conveyor between 
double rows of adjacent welding booths. Two sets of con. 
veyors served four lines of booths which accomodated 6 
welding operators. 

Setup men removed the parts from the top conveyor 
and clamped them in swiveled jigs, each jig having two 
clamping fixtures. While the parts were being clamped 
in one of the fixtures (Fig. 3), the welding operator fused 
another set of parts on the opposite fixture. This arrange- 
ment is seen in Fig. 4 which shows a complete jig with 
part of the double conveyor unit at extreme left. 

A close-up of the welding operation is shown in Fig. 5, 
When the welding was completed, the operator rotated 
the fixture around and thus had another set of parts ready 
to weld. 


Fig. 5—Detailed View of ty Operations on Tank-Tread 
nit 


The finished weldment was removed from the fixture by 
the setup man who placed it on the lower power conveyor 
where it was conveyed to the chipping room. 

The conveyors are 24 in. in width with 3-in. diameter 
rollers and each of the complete units, approximately 150 
feet in length, was powered by a */,-horsepower electric 
motor. 

Weld beads were cleaned of slag at the end of the con- 
veyor line by means of compressed air operated chipping 
tools and the finished assemblies were loaded into metal 
bins mounted on tracks, pushed to the loading zone and 
loaded on trucks for delivery to final assembly lines. 

All welding, which averaged about 51 in. of weld bead 
per tank-tread unit, was made single pass with 7/»-in. 
mild steel, shielded arc electrode. Weld penetration for 
both fillet and butt joints was 100% and made on the out- 
side of the seams only. 

The link portion measured 5*/, x 12 in. overall and 
was composed of two 1*/,-in. diameter tubing connected 
by means of end pieces. The bottom plate was '/,-in. 
thick formed plate, and the grouser or cleat portion of the 
tread consisted of a U-shaped piece, 1 x 1 x 1°/sin. 
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Expansion and Contraction 


General Theory and Basic Control Procedures 


By R. B. Aitchison* 


T IS generally agreed that successful welding of com- 

plex parts requires a ““know-how’’ obtained through 

. extensive experience, yet such experience need not be 
gained by the ‘‘trial-and-error’’ method over a long period 
of time. Any operator, who thoroughly understands the 
theory of expansion and contraction of metals and the 
effect of these forces, can advantageously apply this 
knowledge in many ways. Common-sense application 
of basic principles often means the difference between 
success and failure in welded repair work. 

Because of the unlimited variety of shapes and thick- 
nesses of the numerous metal and alloy parts that the 
operator might be called upon to repair by welding, it is 
not practicable to present a discussion of how expansion 
and contraction might occur in each job. This article 
points out just what these forces are and how they work 
so that any welding operator can study the job that he 
has to do, estimate the effects of expansion and contrac- 
tion, and make suitable allowances for them. 

_ There is nothing new or mysterious about the expan- 
sion or contraction of metals. When an unrestrained 
body of metal at room temperature is heated uniformly, 


Representative, The Linde Air Products Company, New 


it expands, as shown in Fig. 1. All its dimensions in- 
crease—and the amount of this expansion is definitely 
known for each degree rise of temperature. When the 
over-all temperature is lowered again to room tempera- 
ture, a reverse action takes place. The body of metal con- 
tracts and, for all practical purposes, its dimensions de- 
crease the same amount that they increase when the body 
is heated. 

The forces of expansion and contraction are so great 
that they cannot be prevented. However, an operator 
can control them. He can prevent expansion in one 
dimension (Fig. 2) or in two dimensions (Fig. 3), but not 
in all three dimensions at the same time. In this manner, 
he can direct the forces of expansion so that their effects 
will not prevent him from doing satisfactory work. He 
can also control the forces of contraction to the same ex- 
tent. By intelligent practical application of these con- 
trols, he exhibits the ‘“know-how”’ that assures success. 


Expansion in Sheet Metal 


In such operations as welding and cutting, heating and 
cooling are seldom, if ever, uniformly applied to all of the 
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Fig. 1 


When a freely supported steel bar is heated uniformly, it expands 
in all directions (as shown by arrows and dotted lines). The 
length, width and thickness of the bar increase as the temperature 
increases—the amount of increase in each direction being directly 
proportional to the corresponding dimension. In this bar, for 
example, the length expands three times as much as the thickness 
because the bar is three times as long as it is thick. As the bar is 
allowed to uniformly cool again, all three dimensions decrease in 
proportion until, at the original starting temperature, they are the 
same (solid lines) as before heat was applied to the bar. 


metal involved. In any one instance, there may well be, 
in a rather small area, metal that is being heated, metal 
that is molten, metal that is cooling and metal that has 
not yet changed temperature at all. Because the base 
metal parts are not uniformly heated, a restraint is ex- 
erted by the colder metal while expansion takes place 
during heating. Likewise, during cooling the cold metal 
exerts a restraining force upon the contraction. 

Let us see now (Fig.4) what effect these restraints have 
on a piece of sheet metal that is freely supported at room 
temperature. If the shaded area along one edge is heated 
to a bright red, the heated part of the metal expands in 
the directions indicated by the arrows and increases in all 
three dimensions—that is, the edge grows longer and 


Fig. 3 


Suppose that this steel bar, identical to those shown in Figs. 1 and 
2, is clamped or otherwise forcibly restrained from expanding in two 
dimensions (heavy arrows). When heat is applied, expansion of the 
bar (light arrows and dotted lines) is all lengthwise and the increase 
in this dimension is much greater than in the free bar shown in Fig. 
1. Expansion is controlled in two dimensions at the expense of in- 
creased expansion in the third dimension. As the bar is allowed to 
cool again, the forces of contraction set in and cause all three dimen- 
sions to decrease. When the bar regains its starting temperature, 
it is greater in length than it was before heating, while its width and 
thickness are less. 


NOTE: Contraction also may be prevented in one dimension 
at the expense of the other two dimensions, or in two dimensions at 
the expense of the third dimension. Suppose that, after heating, 
the ends of the bar in Fig. 1 are grasped in some manner so that, 
duritig cooling, contraction of the length of the bar is prevented. 
Under these conditions, when the bar again reaches the starting 


the other two dimensions will be smaller. If two dimensions are 
prevented from contracting, ‘hese two dimensions of the bar will be 
greater, after cooling, than they were before the bar was heated 
and the third dimension wiil be correspondingly smaller. 
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(Upset metal indicated by shading) 
Fig. 2 


If the steel bar is clamped or blocked at both ends (heavy arrows) 
so that it cannot increase in length and is then heated as before, only 
the width and thickness increase. But because lengthwise expan- 
sion is prevented, the increase in width and thickness (light arrows 
and dotted lines) is greater than in the free bar shown in Fig. 1. 
Expansion is controlled in one dimension at the expense of increased 
expansion in the other two dimensions. As this bar is permitted to 
cool again uniformly to its starting temperature, contraction causes 
all three dimensions to decrease. The fact that the bar is forcibly 
prevented from expanding lengthwise during heating does not 
eliminate subsequent contraction in. this dimension. When this 
bar is cooled, its width and thickness are greater than originally, 
while its length is less. 


thicker, and the entire sheet grows wider. The amount of 
increase in width and thickness is not as great as in length 
because of the smaller dimensions of these two directions, 
but the increase in dimensions is proportional in all three 
directions. 

In heating the shaded portion, the edge of the sheet 
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temperature, its length will be greater than it was originally while 
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When the edge of a piece of sheet metal is heated, forces of ex- 
pansion (arrows) cause the edge to grow longer and thicker and 
the entire sheet to grow wider. (Heated area is indicated by 
shading.) 


reaches the highest temperature. From this edge, back 
into the body of the sheet, the temperature of the heated 
area gradually decreases until at a certain point the 
metal is entirely unaffected by the heating. From this 
point back to the far edge of the sheet, all of the metal re- 
mains at room temperature. Since the temperature of 
the metal directly affects the amount of the expansion, it 
therefore follows that the edge of the sheet, which is the 
hottest portion, expands the most and the remainder of 
the heated metal expands to lesser degree in direct pro- 
portion to its temperature. Figure 5 illustrates this by 
use of greatly exaggerated strips, each of which represents 
a difference of temperature within the metal sheet. 

Because both the heated and unheated portion are of 
one piece, expansion of the heated metal is restrained by 
the unheated metal in the sheet. This causes some up- 
setting, and the combination of restraint and temperature 
variations in the heated area causes the sheet to warp so 
that, at full expansion, it assumes the shape shown in ex- 
aggerated form in Fig. 6. As the metal is allowed to cool, 
the restraining forces and temperature variations again 
affect its contraction. When all of the metal returns to 
room temperature, the edge that was heated is slightly 
shorter than before. The result is that the metal may 
still be somewhat wavy, especially along the edge that 
was heated. 

One method that can be employed to control distortion 


Fig. 5 


The sheet shown in Fig. 4 is hottest at the edge, with temperatures 
tapering off to room temperature in the unheated metal. This 
greatly exaggerated sketch shows how the amount of expansion 
varies directly with the temperature of the metal. 


1946 


Fig. 6 


At full expansion, the sheet in Fig. 4 assumes a.shape like this. 
Distortion results from uneven temperatures in the heated area and 
restraining forces in the cold metal. After cooling, the heated 
edge is slightly shorter than it was formerly and the sheet may still 
be wavy. 


during welding is shown in Fig. 7. If the metal sheet is 
first inserted in a rigid block and the edge that protrudes 
is then heated, the mass of metal surrounding the sheet 
restrains the expansion in certain directions and causes 
the expansion forces to relieve themselves by upsetting 
the metal outside of the block. The application of re- 
straining forces; by use of this simple jig, prevents wavi- 
ness in the sheet. This is made possible by the rigidity of 
the jig or block, even though the sheet by itself is not 
strong enough to resist the distortion. 

Types of jigs and fixtures employed to control distor- 
tion in welding are so numerous and widely varied in 
form that it would be impracticable to attempt a thor- 
ough description here. 


Upsetting 


To illustrate what is meant by upsetting, Fig. 8 (A) 
represents a piece of sheet metal cut nearly in two by a 
slit. If the shaded areas are heated to a bright red and 
then allowed to cool, the edges of the sheet at the open 
end of the slit are drawn together. Depending upon the 
width of the slit and the amount of heating, these edges 
may be drawn together so much that they actually over 
lap, as shown in Fig. 8 (B). 

As heat is applied to each successive spot, the heated 
metal tries to expand in all directions. The cold metal 
surrounding this spot acts as a vise, however, and causes 


Fig. 7 
If a piece of sheet metal is inserted in a metal block, as shown here, 
rigidity of the block prevents distortion in the sheet when the pro 


truding edge is heated. This is one of the principles of jigging 
sheet metal parts for welding. 
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all of the expansion to take place in the direction in which 
there is no restraint. As expansion continues, the metal 
becomes softer with the increase in temperature. The 
forces of expansion are then relieved by piling up the hot 
metal. This is easier than pushing away the surrounding 
cold metal, which would result in distortion of the entire 
part. As this takes place, there is a slight thickening of 
the heated area, and that portion of the edge of the slit 
that lies within the heated area may bulge slightly out- 
ward. 

As the metal cools again, contraction forces increase 
within the area that was heated. In order to pull the 
sheet back to its original size and shape during cooling, 
the forces of contraction would have to unpile the metal 
that was piled up during heating. However, this metal 
becomes increasingly harder and more rigid as the tem- 
perature drops; so that it becomes easier for the contrac- 
tion forces to pull the whole piece of metal out of shape 
than it is to thin out the thickened section. The outer 
ends of the slit are drawn together because the inner ends 
are fastened and act as a hinge. If both ends of the slit 
were fastened, then the edges could only move up and 
down, and the sheet would become wavy. 


Progressive heating and cooling (in the order shown in A) draws 
together the edges of the open end of the slit in a metal sheet like 
as shown in 8. 


When metal parts are unevenly heated, there is always 
some upsetting caused by restraint of expansion in one 
direction at the expense of increased expansion in the 
other two directions or by restraint in two directions at 
the expense of increased expansion in the third direction. 
Although there is some restraint along the edge of the 
sheet metal heated as shown in Fig. 4, let us now consider 
what happens to a shape of heavier section. Suppose that 
the shape in Fig. 9(A) is heated in the shaded area until it 
is red hot. As this area is heated, expansion forces are set 
up in the directions shown by the arrows in Fig. 9(B). 
These forces are resisted by the surrounding cold material. 
At first, the forces may be strong enough actually to bend 
the specimen back a small amount, but soon the heated 
metal becomes softer and all of the forces are relieved in 
direction 3—so that the metal upsets. 

As the part is permitted to cool, contraction forces are 
set up within the heated area. However, these forces are 
not sufficient to unpile ail of the metal piled up during 
heating because the increasing strength of the cooling 
metal acts as a restraint. The upset area contracts to a 
lesser degree than it expanded, and a bulge remains. Also, 
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Fig. 9 


If a strip is heated along the side of a block of metal, expansion 
causes the hot metal to upset. Contraction stresses in subsequent 
oat may or may not cause distortion, depending upon the mass 


if the metal shape is not sufficiently massive in all direc- 
tions to resist the forces of contraction completely, t! e 
specimen bends out of shape, as shown in Fig 9(C) or 
9(D). Even in the heavy specimen, illustrated in Fig. 
9(E), there is local distortion along the edge of the bulge. 

Figure 10 shows a typical welded joint made by butting 
together two pieces of beveled plate represented by the 
solid lines. If no special care is taken to prevent the 
effect of expansion and contraction during welding, these 
forces distort the joint, as indicated by the dotted lines. 
Because of the single-vee preparation, there is greater 
contraction across the top of the joint than across the 
bottom, resulting from the greater amount of hot metal 
in the upper part of the weld. To assure a flat specimen 
after welding, the simplest step is to place the two plates 
out of flat in the opposite direction before welding. When 
contraction takes place, the forces set up then pull the 
plate into a straight line. 

In tee or fillet welds, most of the contraction stresses 
are relieved by pulling the upright member out of the 
vertical. As indicated by the dotted lines in Fig. 11, there 
may also be a bending of the flat plate as well, unless it is 
heavy. The upright piece can be pulled back at least 
close to the vertical by making another fillet weld on the 
other side of the upright, directly opposite the first weld. 
This, however, increases the bend in the base plate. To 
avoid that bend, the plate may be preset in the opposite 
direction so that the forces of contraction pull it into the 
desired alignment. 

Unless steps are taken to prevent it, parts to be fillet 
welded may also move out of alignment during welding 
as shown in Fig. 12. Distortion in this direction is caused 
by the same action described for the “‘hinge’’ effect illus- 
trated in Fig. 8. The amount of distortion depends upon 
the welding procedure and the weight of the parts. To 
prevent it, the parts may be fastened in the desired align- 


Fig. 10 
Because weld metal is deposited fully expanded, the entire width 


across the joint decreases somewhat upon cooling. Distortion 
(indicated by the dotted lines) results because of the greater amoun! 
of hot metal in the upper part of the weld. 
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Fig. 11 


Contraction stresses cause distortion in tee or fillet welds, as 
shown in exaggerated form by the dotted lines in this sketch. 
Steps must be taken to prevent or correct it. 


ment by tack welds, at as many points as necessary, be- 
fore welding is started. 


Straightening Operations 


Expansion and contraction frequently must be counter- 
acted in some manner during welding. However, these 
same forces may also be employed to the advantage of the 
operator in straightening warped or distorted parts. Up- 
setting is the principle upon which the use of expansion 
and contraction for straightening depends. The same up- 
setting effect that caused distortion of the sheet metal 
during the experiment illustrated in Fig. 8 can be used to 
straighten the beam shown in Fig. 13. Suppose that 
this section of a T-beam has been hit hard enough at 
point P to bend the beam as shown. By using the oxy- 
acetylene flame alone, the operator can apply enough 
heat locally to reverse the process that caused the dis- 
tortion and thus straighten the beam. 

When the beam was hit at P, the forces that were set up 
by the blow permanently stretched the metal at A, so 
that the beam became deformed. When that stretch oc- 
curred, the metal at A was thinned out somewhat. If the 
shaded area at A is now heated, this heating first tends to 
bend the beam even farther. As the temperature in- 
creases, however, the metal in this heated area becomes 
softer and the forces of expansion are relieved by upset- 
ting the hot metal. 

When the flame is removed and the metal is allowed to 
cool, the forces of contraction are relieved by pulling the 
beam back into line. Ifa considerable amount of realign- 
ment is to be accomplished, heating may have to be re- 
peated to obtain full correction. This is done, however, 
by heating successive triangular-shaped areas adjacent to 
each other—not by reheating the same area. 
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Distortion in fillet welding may also take place in the direction 
shown by the dotted lines in this sketch. Tack welding of the 
parts prevents this. 


Fig. 13 


Upeetting, expansion, and contraction can be used to advantage 
for straightening distorted parts by heating and cooling. 


Fig. 14 


In welding a break at W in this type of restrained part, the center 
span expands as shown by the dotted lines in (A). Contraction 
forces during cooling tend to pull the part into the shape shownfin 
(B). Dotted lines here indicate the original shape of the frame. 


If the original distortion is overcorrected, the beam can 
be heated at P to reverse the pull. Similarly, any twist 
can be corrected by heating off the center line in the 
opposite direction. A further discussion of using expan- 
sion and contraction in work of this type will be found in 
the article, ‘Heating for Bending and Straightening,” be- 
ginning on page 37 of the April 1946 issue of Oxy-Acety- 
lene Tips. 


Shrinkage 


It will be noted that the welded specimen shown in Fig. 
10 is shorter than the original alignment of the two parts. 
This is true because the weld metal was put in while 
hot and fully expanded. While the hot metal cooled and 
became part of the welded specimen, contraction forces 
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Fig. 15 
Many types of aon are essentially of the design drawn in white 
i 


over this gear. sualizing the basic design helps the operator to 
estimate the direction expansion and contraction will take during 
repair by welding. 


pulled the two parts together so that the over-all dimen- 
sion across the weld became shorter. 

Whenever the ends of a welded part are free to move, 
the fact that these parts will shorten somewhat is of little 
concern, provided allowance for that shrinkage has been 
made. If it is important to maintain the outside dimen- 
sion, the simplest way is to leave extra stock and trim the 
part tosize after welding is completed. In repetitiveopera- 
toms, or with mecreased experience, it is possible for the 
operator to allow for shrinkage so that subsequent trim- 
mung is not necessary. However, in many welding opera- 
tions, and especially im repair work, it is not so simple to 
allow jor shrinkage or distortion that might be caused by 
the weldimg because the parts being welded are not free to 
move. 


Restrained Parts 


Allowances for expansion and contraction in parts 
winch are more of less restricted during welding depend 
om judgment and expernence of the welding operator. 
However, although there is a vast number of different de- 
signs for such parts, most of them can be reduced to the 
two basac forms shown in Figs. l4and 17. If the operator 
understands how expansion and contraction affect these 
two shapes, he can more easily estimate how these forces 
affect 2 more complex part of similar basic design. For 
example, visualizing the basic form as shown in Fig. 15 
greatly simplifies the problem of making necessary allow- 
ances m weldmg a gear spoke. 

Let us see what occurs while welding the first of these 
two basic forms. If the problem is to make a weld at W 
in Fig. 14, the application of heat to the weld area will 
cause the broken member to expand somewhat, as indi- 
cated by the dotted line in Fig. 14(A). Our earlier experi- 
ments have established the fact that the more preheating 
that is done, on the arm on which the weld is located, the 
greater this expansion will be—and the greater the sub- 
sequent contraction will be. Now, if this member were a 
simple bar, free at each end, the effects of expansion and 
contraction would present no problem. However, the 
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outer ends of the bar are now part of a rigid frame, and 
the mass of cold metal in the frame restrains the central] 
member during welding. Despite this restraint, the 
forces of expansion offer no problem because these forces 
are relieved by upsetting of the heated metal in the weld 
area. 

On the other hand, in making the weld, the space at Jj’ 
is filled with molten metal. Because this metal is added in 
the molten form, it is fully expanded and from the time 
the flame is removed, contraction is the only concern. As 
molten metal and hot base metal cool, contraction 
shortens the length of the center span until, if the metal is 
sufficiently ductile, the whole framework is pulled into 
the shape indicated by the solid line in Fig. 14(B). The 
dotted line in this illustration represents the original 
shape of the frame. If the part is of cast iron or some 
other metal that will not bend, a break will occur either at 
the weld or at some other point of less resistance. It is 
obvious, therefore, that some measure must be taken to 


(C) 


Fig. 16—Three methods for ee Welding This Shape 
at 


(A) Preheat and hold shaded areas at a bright red unti] welding is 
completed. (8) Jack frame apart, as shown by double arrow. 
Slack off jack as soon as weld is finished. (C) Cut frame at point X. 
Weld at W. Then weld at X. 
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overcome the contraction forces if warpage or breakage is 
to be avoided. Several ways of doing this are illustrated 
in Fig. 16. 


Preheating and Mechanical Preparation 


If expansion and contraction can take place freely in all 
directions, these forces will give the operator little trouble 
because the piece expands equally all over and upon cool- 
ing contracts to almost its original shape and dimensions. 
Thus, preheating of the entire part satisfactorily solves the 
problem, if the part is small enough. With larger parts, 
such practice wastes both time and materials, since local 
preheating gives the same results when properly applied. 

Suppose the two shaded areas in Fig. 16(A) are heated 
to a bright red at the same time as heat is applied to the 
weld area W. If these areas are kept hot until the weld is 
completed, then all three crossbars in the frame expand 
almost as much as if the entire frame were preheated. By 
permitting all of the three hot areas to cool down to- 
gether, the part will be the proper shape when the metal 
reaches room temperature. The actual amount of heat 
required at the shaded areas depends on the amount of 
heat applied at W or, in other words, upon the speed of 
welding. 

Preheating may be entirely eliminated in some cases, 
by using jacks, wedges or similar devices to spring or bend 
the frame out of shape. A mechanical jackscrew placed 
alongside the center span of the frame, as shown in Fig. 
16 (B), might be used to force open the spacing at WW’ 
enough to make up for the contraction that takes place 
after the weld is completed. As soon as the weld is 
finished, the jack is slacked off and contraction forces 
then draw the parts back into the original position. 

Still another method of making the same repair would 
be to cut or break the frame at a relatively unrestricted 
point, such as the corner X in Fig. 16(C). Then expan- 
sion and contraction are free to act at W without fear of 
serious after-effects, since the frame is free to spring in 
any, direction because of the loose joint at X. As the 
point X is not strongly confined, it will be an easy matter, 
after welding the break at W, to weld this cut. 


Second Basic Design 


A second basic form in which restriction plays an im- 
portant part during welding is shown in Fig. 17. After 
welds have been made at the points indicated in A, the 
part assumes a distorted shape something like that 
shown in B. If the inside of the frame and the base plate 
are heated, as shown in B and C, the resulting upsetting 
action as the metal becomes hot and the following con- 
traction as it cools frequently draws the part back into 
fairly close alignment. In straightening the base plate, 
heat a series of closely spaced spots starting at the bottom 
of the buckle and proceeding to the high spot. 


Additional Factors 


In order to simplify this discussion as much as possible, 
a number of factors have been avoided. No attention has 
been devoted to the possibility that some materials may 
not be able to withstand the bending or buckling caused 
by uneven heating or cooling. Of course, the amount of 
distortion shown in the sketches is greatly exaggerated for 
purposes of illustration, but the fact remains that some 
distortion always results whenever metals are heated or 
cooled unevenly. Certain materials, such as cast iron, 
cannot be bent by any means into the shapes shown. 


Fig. 17 
In the type of basic design shown here, careful selection of weld 
ing sequence minimizes distortion. Expansion and contraction 
forces can also be used to advantage as a corrective measure. 


These metals would break long before such shapes were 
reached. On the other hand, sheet steel might be per- 
manently deformed even in that exaggerated manner 
without breaking. Therefore, if the forces created by un- 
even heating and cooling are allowed to take their own 
course, the material in which they are set up must be 
sufficiently ductile to withstand them or failure will re- 
sult. 

There are a number of other points as well that should 
always be kept in mind whenever expansion and contrac- 
tion are being considered. The forces of expansion and 
contraction that are set up during heating and subsequent 
cooling extend in all directions. The amount of change in 
size for the same temperature change varies with the ma- 
terial but is proportional to the dimensions involved. 
However, whether or not the metal will expand and con- 
tract an equivalent distance in all directions, upon heat- 
ing and cooling, respectively, depends upon whether any 
forces are present that will resist the forces of expansion 
and contraction. 

As the temperature of a piece of metal is raised, its 
strength decreases and its ductility increases. The 
amount of change in strength and ductility as well as in 
other mechanical properties, depends upon the material 
and the amount of the temperature change. Thus, if a 
piece of steel is heated, it takes less force to bend, stretch 
or twist it, and the part usually withstands greater per- 
manent distortion than it would when cold. 

It has been pointed out that the amount of expansion 
resulting from heating depends upon the temperature 
change and the material. However, all materials do not 
expand the same amount for the same temperature 
change. Relative amounts of expansion and melting 
points of a few common metals are given in the accom 
panying table. 

Welders do not necessarily need to know these expan- 
sion values, yet they should be familiar with the relation 
ship between the values of various metals, especially if 
dissimilar metals are to be joined. Welding procedure 
may need to be changed somewhat. For instance, if 
tack welds in copper are not melted out during welding, 
they can cause cracking easier than would be true with 
steel, even though copper has high ductility. This is so 
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because the hot weld metal contracts so much more than 
the relatively colder tack-weld metal. The possibility for 
cracking is greater than in steel because copper expands 
and contracts much more than steel does for the same 
temperature change. 


Heat Conductivity 


All materials conduct heat to some extent, but the 
speed with which heat is transferred from one part of an 
object to another part varies greatly with different ma- 
terials. When the edge of a piece of metal is heated, some 
of the heat immediately begins to flow back into the mass 


Relative Expansion Values and Melting Points 


Approximate Expansion* Between Approximate 
Room Temperature and Melting 
Metal or 500° 1000° 1500° Point, 
Alloy F.,In./In. F.,In./In. F., In./In. 
Aluminum 0.006 0.012 cae 1220 
0.005 0.010 0.014 1706 to 1850 
Bronze 0.005 0.010 0.015 1535 to 1832 
Copper 0.004 0.009 0.014 1981 
Cast 0.004 0.007 0.011 2795 
Wrought 0.003 0.006 0.010 2786 
Monel 0.004 0.007 0.011 2470 
Nickel 0.003 0.006 0.010 2651 
Steel t 
Low-carbon 0.003 0.006 0.010 2714 to 2768 
Stainless 0.004 0.010 0.014 2570 to 2765 


* Expansion rates vary with temperatures. Values shown are 
approximate averages, in inches, for each inch of metal. 

t The physical properties of all steels vary widely with their 
composition 


of metal. The longer it takes for this heat to flow back, 
the faster the temperature of the edge is raised because 
more heat remains near the edge. If it were not for heat con- 
ductivity, only that part of the edge that is in the direct 
path of the heat source would be heated. Because some 
heat immediately starts to flow back, the amount of ex- 
pansion and subsequent contraction varies until it tapers 
off to zero in the coid metal. 

A type of welded joint made more difficult by heat con- 
ductivity is illustrated in Fig. 18. As the welding flame 
is directed against the joint, heat is conducted away 
rapidly because there is so much more mass in the base 
plate than in the upright. Uneven chilling and distortion 
result. Therefore, to make such a weld successfully, the 
heat source must be directed mainly at the base. Even if 
the base plate and upright are of the same thickness, the 
flame should be directed more against the base than the 
upright, because the spot on the base being heated is 
surrounded by metal on all sides. 


Fig. 18 


Chilling is uneven when parts of different mass are joined by 
welding. To compensate for it, direct more of the heat against the 
heavier section. 
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Purpose 


HE primary purpose of this investiga- 

tion was to develop a two-row spot- 
welded lap joint in 24S-T Alclad 
satisfying the following requirements: 


1. Ultimate tensile strength of the lap 
joint shall exceed 50,000 psi. 

2. Joint fracture, at ultimate static 
load, shall occur in the base metal 
and not by shearing of the welds. 


'¢ Boeing Aircraft Co., Seattle, Wash. 


Development of a Two-Row High-Strength 
Spot-Welded Lap Joint in 24S-T Alclad 


Aluminum Alloy 


By L. M. Crawford* and J. E. Pease* 


The secondary purpése was to deter- 
mine optimum values of (1) spot spacing, 
(2) edge margin, (3) row spacing and (4) 
spot strength to be used in fabricating a 
two-row spot-welded lap joint satisfying 
the above requirements. 


Test Specimens 


This investigation includes only the lap 
joints made from the combination of sheet 
thicknesses given in Table 1. 


2,250 
2.625 
3.000 


8 
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Fig. 1—Joint Tensile Specimens; Effect of Spot Spacing 


Panel No. 1, 2 sheets 0.040-in. 24S-T Alclad; panel No. 2, 2 sheets 0.072-in. 24S-T Alclad 


1.50 


Fig. 2—Joint Tensile Specimens; Effect of Edge Margin 


Two sheets 0.040-in. 24S-T Alclad 
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Table | 

Joint 
No. Sheet Thickness Combination 
1 2 sheets 0.040-in. 24S-T Alclad 
2 2 sheets 0.051-in. 24S-T Alclad 
q 2 sheets 0.064-in. 24S-T Alclad 
4 2 sheets 0.072-in. 24S-T Alclad 
Test panels for determining the 
optimum values of spot spacing, edge 


margin, row spacing and spot strength 
were welded and cut into joint tensile 
specimens as shown in Figs. 1, 2, 3 and 4. 

The final or confirmatory panels in- 
corporating the most favorable values of 
spot spacing, edge margin, row spacing and 
spot strength were welded and cut into 
joint tensile specimens as shown in Figs. 5 
and 6. 

To eliminate the possibility of sheet 
failure due to localized stresses other than 
the spot welds, the edge burrs were re- 
moved from all specimens with 320-grain 
emery cloth. 

Single-spot shear specimens were of the 
dimensions given in Fig. 7. 

The material for all specimens was 
24S-T Alclad, Specification AN-A-13. 
Tensile properties of the sheet stock used 
in the specimens were determined from 
cross-grain test coupons. 


Test Setup 


Prior to spot welding, all panels were 
degreased in Oakite No. 63 and etched 
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Fig. 3— Joint Tensile Specimens; Effect of 
Row Spacing 


Two sheets 0.040-in. 24S-T Alclad 
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051 800 ~ 900 - 1000 - 1100 1200 1300 | | 
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2072 1100 - - - 
1200 = 1300 1400 1500 - 1600 - 1700 1. 504.03 
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Fig. 5—Ioint Tensile Specimens; Final Pattern — 

i 1 5 9 
on the lap joint, and having '/;-in. spot spac- 
t i 1 5 9 e i . 
ing, '/e-in. edge margin and 2-in. row 
: a spacing was adopted for use in preliminary 
Fig. 7—Single-Spot Shear Specimens tests. Using this joint pattern, the 
approximate single-spot strength neces- 
sary to produce a joint which would frac- 
ture by failure in the base metal was 
| calculated for each of the sheet thickness 
with hydrofluosilicic acid. All spot weld- combinations tested. 
ing after In preliminary tests, secondary current, 
Table 2 wire brushing Of the faying suriaces. 5 electrode force and electrode contour were 
Sinete a. = welder = was a 60-kw. Sci- varied until machine settings were de- 
4 y stored energy machine. veloped which produced spot welds having 
aed Single-spot shear specimens were tested a strength of the calculated 
Joint Sheet Thickness Strength, with a 5000-Ib. capacity Tinius-Olsen strength and a two-row spot-welded lap 
No. Combination Lb. _ The base joint which fractured by failure in the base 
jomet tense specimens were 10a to metal was fabricated. 
1 2 sheets 0.040-in. 2 
Pa ga 7 700 failure with a 120,000-Ib. capacity South- Using these machine settings, the opti- 
2 2 sheets 0.051-in. 24S- yes toe va testing machine. mum values of spot spacing, edge margin 
T Alclad 900 etallographic examinations were con- and row spacing were determined from 
3 2 — a 24S- sae ducted by Boeing staff metallurgists. panels welded as shown in Figs. 1, 2 and J, 
c 1 ively. A h 1 was tested 
Procedure respectively Ss each pane 
4 2 ar aaa 24S- 400 and the most satisfactory value of spacing 
- ! A two-row spot-weld joint pattern, determined, the original joint pattern was 
symmetrical with the longitudinal axis of modified to include this dimension. 
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Using the most favorable joint pattern 
of '/,-in. spot spacing, */s-in. edge margin 
and 1'/,-in. row spacing, the optimum 
spot strength for each sheet thickness com. 
bination given in Table 1 was determined 
from panels welded as shown in Fig. 4 

Incorporating the most favorable joint 
pattern, as shown in Fig. 5, and the spot- 
weld strength given in Table 2, final or 
confirmatory panels were spot welded. 

The single-spot control specimens were 
of the dimensions given in Fig. 7. 


Test Results 


It will be noted from an analysis of the 
data (Figs. 8 to 25, inclusive), that ‘the 
most favorable joint pattern dimensions 
and weld strengths were not necessarily 
those which gave the maximum ultimate 
joint strengths. 

From the results given in Figs. 8, 9, 10 
and 11, '/2-in. spot spacing was selected as 
the most favorable. This was the maxi- 
mum spot spacing which insured joint 
fracture by failure in the base metal at an 
ultimate stress exceeding 50,000 psi. 
Selection of the final spot spacing was in- 
fluenced by weighing the value of joint 
strength gained above that required, 
against the loss in production time as a 
result of closer spot spacing. 

From the results given in Fig. 12, */s-in 
edge margin was selected as the most 
favorable. Edge margins greater than 
3/, in. gave only a slight additional increase 
in joint strength while below */s in. there 
was an appreciable drop in strength. 

From the results given in Fig. 13, row 
spacing from '/, to 2'/s in. is satisfactory. 
No results were obtained for row spacing 
greater than 2'/, in. Row spacing of 
1'/, in. was selected to be used in the final 
joint pattern. 

In addition to these results, selection of 
the final edge margin and row spacing 
dimensions was influenced by the adapta- 
bility of the joint to an optional rivet pat- 
tern and material and weight economy. 
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The minimum single-spot shear strength 
for all sheet thickness combinations is that 
spot strength necessary to produce a 
two-row spot-welded lap joint with an 
ultimate tensile strength exceeding 50,000 
psi. and fracturing by failure in the base 
metal. From the results given in Figs. 14 


to 25, inclusive, the minimum average 
single-spot shear strengths for the sheet 
thickness combinations tested are as given 
in Table 2. 

The maximum single-spot shear strength 
was limited by the maximum penetration 
allowed by Boeing standards (80% of the 


SINGLE SPOT SHEAR STRENGTH 


total sheet thickness) and the capacity of 
the spot-welding machines available for 
the fabrication of the production parts. 
It will be noted from the data in Fig. 26, 
that it is necessary to maintain average 
single-spot strengths considerably higher 
than the calculated value to compensate 


TO FAIL THE SHEET 


w-—--s ACTUAL SINGLE SPOT STRENGTH 
NECESSARY TO FAIL THE SHEET 


SINGLE .SPOT SHEAR 
6 JOINT TENSILE STRENGTH 


STRENGTH 
NECESSARY TO DEVELOP 50,000 PSI ’ 


8 


7 


SINGLE SPOT SHEAR STRENOTH- LBS 


FIGURE 26 


saws 


wee 


2060 


24S-T ALCLAD 


29—Typical WwW 
T Al Alclad. 5 X 


Fig. 28—Typical Spot W 


Combination 0.051-0.051-In. 
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Combination 0.064-0.064-In. 


Fig. 30—Typical Spot Welds; Combination 0.072-0.072-In. 
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Table 3 


TEST DATA SHEET 
SHEET THICKNESS COMBINATION 
2040-.940 245-T ALC. 


EQUIPMENT: 
wake ____Sciaky Tere _Puco2s-13 
60" " SINGLE SPOT 
THROAT DEPTH - A 
MACHINE SETTINGS: (LBS. ) 
CONSTANT VARIABLE WO, CYCLS, 
7235 
jo. 1695 
W.C.R, POSITION sEcONDarY amps, 725 


TIME BLOCKS_5&6  ELECTRODES-UPPER_5/8" D 4"R LOWER 5/8" D - 4." R 


BASE METAL SPECIMENS 


SPECIMEN SHEET SPECIMEN ULTIMATE SHEET STRENGTH 
NO. THICKNESS WIDTH AREA LOAD 
1, 2675 0278). 1410 65.085 
26 669 102756 1835 6h" 582 
36 £0410 .02706 1915 67,073 
he 0419 673 02820 
ave. | 65,997 
JOINT TENSION SPECIMENS 
SPECIMEN SHEET SPECIMEN ULTIMATE | JOINT STRENGTH 
xO. “THICKNESS AREA 
i, 20412 206153 3500 56 862 
2s 1.490 206169 3475 56.334 
3 1.502 .06188 3325 54,539 
20412 | 1.493 | 3425 55,680 
Oul2 1.491. 06143 3510 
= L497 206168 3510 56.910 
7s 432 1.497 206168 3500 56, 
a. 
AVE. 56,316 
Table 5 
TEST DATA SHEET 
SHEET THICKNESS COMBINATION 
064 .064 24S-T ALC. 
EQUIPMENT: 
THROAT DEPTH 60" ARM SPACING Ls" SINGLE SPOT 
SHEAR STRENGTH 
MACHINE SETTINGS: (LBS. ) 
PRESSURE SQUEEZE WELD FORGE 1300 
2. 1260 
GAGE - P.S.1. 85 85 85 3. 1305 
4. 1200 
ELECTRODE ~LBS 2600 1000 
6. 1355 
CONSTANT __vaRIABLE __* wo, crcis, 
CURRENT | 1385 
posrrron seconpary amps, 


TIME BLOCKS5.& 6 ELECTRODES-UPPER 5/8"D 8"R LOWER 5/8"D - 8"R 


BASE METAL SPECIMENS 


SEC IMEN SHEET SPECIMEN ULTIMATE | SHEET STRENGTH 
THICKNESS WIDTH AREA 
lL, 20640 2790 64.968 
2s 20642 2681 204,372 2810 64.272. 
3 +0639 204364 2615 64.499 
4. 20642 204320 2785 bb 
AVE. 64, 551 


SPEC IVEN ULTIMATE JOINT STRENGTH 
WIDTH Load 
1,503 209694 5080 52.40) 
1.425 299658 5200 53.843 
1.500 209615 _5120 53,29 
1.507 09660 §210 53,9354 
5100 52. SLB 
1,502 209613 5275 5.875 
1.2) 5150 53.277 


Table 4 


TEST DATA SHEET 


SHEET THICKNESS COMBINATICN 

245-T ALC. 
EQUIPMENT: 
MAKE 


Sciaky Tre 


THROAT DEPTH ___60" spacinG —_15" 
MACHINE SETTINGS: 


PRESSURE SQUEEZE WELD FORGE 
GAGE -P.S.1. vb) yb 
ELECTRODE-tps, _ = 
CONSTANT VARIABLE 
CURRENT: 
M.C.R, 270 __ posIT1@i _ low ___ SECONDARY AMPS, 


TIME 6 ELECTRODES -UPPER 5/6” D - 4" 


SINGLE SPOT 
SHEAR STRENGTH 
(LBS. ) 

de 990 

ares 
3. 

| 1045 
7. | 2005 

955 

+ — 
1090 


LOWER 5/6" D - 4" R 


BASE METAL SPECIMENS 


SPEC IMEN SHEET SPECIMEN | SHEET STRENGTH 
NO. THICKNESS WIDTH AREA 
20495 207322. | 2195 66,085 
26 20495 2673 20333) 
3 20498 670 
AVE. 65,250 
JOINT TENSION SPEC LMENS 
SPECIMEN SHEET | SPECIMEN | ULTIMATE } JOINT STRENGTH 
20494 1,496 07390 4,065 |__ $5,005 
20495 1, 50% 5 
3. 0495 12500 3980 1.603 
5 20492 35505 207405 
8. | L 
53,649 
‘TEST DATA SHEET 
SHEET THICKNESS COMBINATION 
.072 243-T ALC. 
EQUIPMENT: 
WAKE Sciaky TYPE P¥CO2S-13 
SHEAR 
MACHINE SETTINGS: (LBS. ) 
PRESSURE SQUEEZE WELD FORGE — — 
GAGE - P.S.I. 95 95 
at 1 
ELECTRODE 1100 2900 Se 1525. 
6. 1450 
CONSTANT VARIABLE CYCLS, 7. 
| 8. + 1560 
CURRENT: d 
Va 


Time plocws_5.& 6 ELECTRODES UPPER _5/8"D 


LOWER _5/@"D 8°R 


BASE METAL SPECIMENS 


SPECIMEN SHEET SPECIMEN | ULTIMATE SHEET STRENGTH 
NO, THICKNESS WIDTH AREA 24,1, 
20720 2561 204,726 05,572 44 
3: 20719 04,832 470 
4. 0723 204830 3125 $4, 7% 
= AVE. dy 92 
JOINT TENSION SPECIMENS 
SPECIMEN SHEET | SPECIMEN | | ULTLMATE JOINT STRENGTH 
2: 1,497 21069 it 
3. 0710 1.487 .1056 5700 87 
4. i 1.303 | 1070 _ 3735 
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| 
JOINT TENSION SPECIMENS 
SHEET 
| 
lib 4 
} AVE. | 53,830 
1946 1209 


for loss n spot strength due to shunting 
action. 

Tables 3 to 6, inclusive, give the results 
obtained from the final or confirmatory 
panels welded using the most favorable 
joint pattern and spot-weld strengths 
determined in the preceding tests. All lap 
joints fractured by failure in the base 
metal along one row of spot welds (Fig. 31). 
Ultimate joint tensile strength exceeding 
50,000 psi. was developed by all joints. 


Conclusion 


By incorporating the most favorable 
values of spot spacing, edge margin, row 
spacing and spot strength, a two-row spot- 
welded lap joint exceeding 50,000 psi. 
ultimate tensile strength was developed 
for each of the sheet thickness combina- 
tions tested. At ultimate static load, all 
joints fractured by failure in the base 
metal along one row of spot welds. 


Reference 


1. C. W. Steward, “Spotweld Joint Efficiency 
of Aluminum Alloys,” THe Journa., 
22, (10), Research Suppl., 528-s to 532-s 


Induction Soldering Speeds Kitchen 
Utensil Production 


By L. Gise and J. R. Stewart* 


REAKING into the limelight of new and better rate, in a reduction of labor costs and in an improvement 
methods of production, Induction Heating is of the quality of the product. 

making great strides in proving its value to in- Under the discarded system of hand soldering, only 
dustry. When applied to the soldering of stainless steel one utensil could be turned out by one man per minute. 
kitchen utensils at the Adel Precision Products Corp., Of this production, many turnbacks were encountered, 
Huntington, W. Va. it resulted in an increased production and machine polishing of the finished product used up 


* Westinghouse Electric Corp., Philadelphia, Pa. much additional time before the utensil was ready for 


Fig. 1—This Production Line, Composed of 10 Girls and 2 Men, Can Turn Out 100 Six-Piece Kitchen Utensil 
Sets Per Hour with the Aid of a 20-Kw., 450-Kc. R-F Generator (Right) 
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Fig. 2—After the Pieces Have Been Soldered, They Are Rinsed 
in a Special Alkali Cleaning Bath 


packaging. Welds were unsatisfactory, and labor costs 
were considered too high. 

Consequently, Charles W. Hawk, the corporation's 
project engineer, recommended the installation of a 20- 
kw., 450-kce. R-F generator. The production line of 
kitchen utensils on which this generator operates, turns 
out six items which are later sold as a unit. In the set 
are two forks, two spoons, a cake turner and a spatula 
all made of stainless steel and topped with a durable 
plastic handle. 

Ten women and two men form the production line. 
Shanks formed in another part of the plant are first in- 
spected-at the start of the finishing table and placed in a 
frame. As they pass from one operator to another, a 
slotted ferrule is placed on one end of each shank, fol- 
lowed by a wire ring of silver solder inserted at the in- 
terior joint of ferrule and shank. A small amount of 
flux is then added where solder and ferrule meet the 
shank. 

Pieces finished to this point are placed in their frame 
under induction heat to join together the ferrule and 
shank. The coil used for this operation is a multiple of 
twelve single turns in series. After completing the 15- 
sec. heating cycle of 1250° F. to give the joint the re- 
quired tensile strength, the pieces are removed from the 
frame and rinsed in a special alkali cleansing bath. They 
are then sent to another factory where plastic handles 
are fitted around the upper shank and into the ferrule 
at 4500 Ib. pressure. 

Upon return to the manufacturer the shanks are 
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placed in another frame along with the blade of the uten- 
sil being made. Flux is painted on the spot where blade 
and shank are to be joined. A narrow strip of silver 
solder is then placed in its proper position on the back of 
the blade. Flux is also painted on the beveled end of 
shank and the frames are locked. At this point, the R-F 
generator takes over the finishing operations. 

For this last heating process, a unit of four coils in 
series is used. Each coil is made in approximately 
three-quarters of a turn. The prepared frame is placed 
in very close proximity to these coils, and a heating cycle 
of 12 sec. is applied to seal the joints. The finished 
utensils are then released from the frame and rinsed in a 
hot alkali cleaning solution—the same as that used in 
preparing the shank and ferrule for the plastic handle. 
When the units have cooled, polishing is accomplished by 
holding the tools against a motor-driven polishing wheel. 

An evaluation of the costs of this installation reveals 
considerable savings. The initial investment, including 
the R-F generator, work coils and production line, was 
about $10,000. Total operating costs amount to ap- 
proximately $10.80 per hour, of which $10 per hour is 
for labor and $0.80 per hour is for the R-F generator. 
The latter figure includes power cost at the rate of one 
cent per kilowatt hour, tube replacements based upon, 
5000 hr. average life, and amortization of the generator 
over a period of 30,000 hr. operation. 

With a production of 1500 sets of six utensils per 15-hr. 
day, the actual operating cost is 10.8 cents per set or 
$162 per day. To accomplish the same production by 
the “‘torch’’ method it is estimated that 20 skilled men 
would be required with a total cost of $390 per day for 
labor alone. Thus R-F heating results in a saving of 
$228 per day which pays for the initial investment in two 
months! 

As previously mentioned, the R-F generator is a stan- 
dard 20-kw., 450-ke. set. The power input for full gen- 
erator output is 43 kva., 3 phase, 60 cycle, at 95% power 
factor. Control is by means of a “‘start-stop’’ button 
mounted on the face of the cabinet, with provision for 
additional remote control stations if required. On pro- 
duction work such as this where a definite time-heat 
cycle is predetermined, the automatic timer de-energizes 
the unit after the set time has elapsed. A current trans- 
former connected to the output terminals of the R-F 
generator is used to step up the current in the induction 
work coils resulting in a marked increase in heating rate. 
Protection of the generator is obtained by suitable cir- 
cuit breakers, overload relays and flow switches. Pro- 

tection for personnel is provided by electric interlocks 
on the doors of the generator unit. 

Inexperienced personnel were found to be no drawback 
to the efficient operation of the unit, once it was tuned 
up. Asa result, the company was able to release skilled 
workmen for important jobs on other production lines 
in the plant. 
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1945 SAMUEL WYLIE MILLER 
MEMORIAL MEDALIST 


James F. Lincoln, President of The Lin- 
coln Electric Company, Cleveland, Ohio, 
has been selected as the recipient of the 
1945 Samuel Wylie Miller Memorial Medal 
which is awarded each year to the person 
judged most deserving for conspicuous 
contributions to the advancements of the 
welding or cutting of metals. 

Mr. Lincoln was born May 14, 1883, on 
a farm near Painesville, Ohio. His aca- 
demic training for the profession of elec- 
trical engineering was obtained at Ohio 
State University and although he was 
forced to leave college early in 1907 a few 
months before he was to graduate, a vic- 
tim of the then-prevailing epidemic of 
typhoid fever, he was later awarded the 
degree of Electrical Engineer by the faculty. 

After leaving college he joined the Lin- 
coln Electric Co., founded by his older 
brother, James C. Lincoln, where he worked 
in the fields of invention, development, 
engineering and later in the broader fields 
of economics and industrial management. 

The holder of many patents of electrical 


equipment he brought about the develop-* 


ment of the separately excited direct- 
current arc-welding generator with buck- 
ing series field and stabilizer in the arc cir- 
cuit. This resulted in an are characteris- 
tic which made it easy for an ordinary 
welding operator to learn how to weld. 
Mr. Lincoln then put a force of men in the 
field to show manufacturers how to use 
arc welding and the market grew as other 
electrical manufacturers participated in 
the development. 

In the field of electric arc-welding elec- 
trodes Mr. Lincoln pioneered in the de- 
velopment and application of shielded arc 
electrodes. He put machinery and equip- 
ment into his plant to make it, a research 
department to improve it, andl again, he 
put a force of men in this field to show 
users how to get the greater economies 
from the use of such electrodes. 


AMERICAN WELDING SOCIETY 


James F. Lincoln 


Mr. Lincoln early recognized the need 
for speed and precision in automatic arc- 
welding equipment. He picked the car- 
bon are process as one susceptible to de- 
velopment in this direction and developed 
a mechanism that would hold the arc toa 
predetermined length, a means of shielding 
the arc to give weld metal equal to and in 
many respects better than the steel to be 
welded and enveloping magnetic fields to 
stabilize the arc. In spite of administra- 
tive duties he went out and engineered 
the application of the equipment itself. 
The process is today one of the most widely 
used in welding. 

In the field of induction motors Mr. 
Lincoln brought about the use of a squir- 
rel-cage motor for elevators, the applica- 
tion of high-resistance rotor squirrel-cage 
induction motors to flywheel drives and 
the use of welded steel in induction motor 
construction. 

Mr. Lincoln is the author of several 
books, among these being: ‘An Indus- 
trialist Looks at ‘The New Deal’’’; ‘Tell 
the Truth and Keep Out of the Way”; 
“Ignorance of the Law Is No Defense”; 
Can Employ the Idle?’’; ‘‘Inteili- 
gent Selfishness and Manufacturing’”’ 
“Lincoln's Incentive System”; and many 
scientific and technical articles and papers. 
He is also a well-known lecturer on all 
phases of welding as well as on economic 
and political subjects. 

The James F. Lincoln Arc Welding 
Foundation, which bears Mr. Lincoln’s 
name, was established at the close of 1936 
by the Board of Directors of The Lincoln 
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RELATED EVENTS 


Electric Co. in recognition of Mr. Lincoln's 
outstanding foresight and accomplish- 
ments in the field of arc welding. 

Mr. Lincoln is a fellow member in the 
American Institute of Electrical Engi- 
neers (ex mgr.), member and director of the 
AMERICAN WELDING SOCIETY, member 
American Society of Mechanical Engineers 
and the Cleveland Engineering Society. 
He is a past-president of the Cleveland 
Chamber of Commerce, member of the 
Union, Mayfield, Pepper Pike and Uni- 
versity Clubs of Cleveland, and the En- 
gineers’ Club of New York. He is also a 
member of the Board of Trustees of Ohio 
State University, Case School of Applied 
Science and Lake Erie College for Women. 


LINCOLN GOLD MEDAL WINNER 


Harry E. Kennedy was awarded the 
Lincoln Gold Medal this year for his paper 
entitled ‘Some Causes of Brittle Failures 
in Welded Mild Steel Structures’ pub- 
lished in the November 1945 issue of the 
Welding Research Supplement. 

Harry Kennedy was born in Oakland, 
Calif., in 1892. He was graduated from 
the electrical engineering department of 
the University of California in 1914. Since 
then he has been engaged in research and 
developmrent work in many fields. 

His varied interests have extended from 
thermal controls to X-rays, egg and fruit 
machinery, electric furnaces, Diesel en- 
gines and welding. He is co-inventor of 
the Union-Melt Welding Process. His 
research and development work is carried 
on at his laboratory in Albany, Calif. 

His work has been recognized by the 
Pioneer Award of Merit given by the 
American Manufacturers’ Association. He 
is a member of Sigma XI and Tau Beta 


ached ‘ 
Py 
ly 


and a 


you 
FROM THE MAKERS 


e 
ae 
: 
, 
¥ 
A ¥ 4 7 
( d 
(A 
CLE A Chicago, Indian 
CLEVELAND, OHIO « East c , Indiana 


facturers’ Association Prize Contest. 
This prize has been offered to the author 
of the best paper received from an indus- 
trial source in which the major portion of 
the subject matter deals specifically with 
resistance welding. 

Mr. Heuschkel is a Research Engineer 
at the Westinghouse Research Labora- 
tories, East Pittsburgh, Pa. He has been 
engaged in welding research since 1930 and 
prior to his present position he was asso- 
ciated in such work with the United States 
Navy Department and with the Carnegie- 
Illingis Steel Corp. Mr. Heuschkel is a 


Harry E. Kennedy 


Pi honor societies, a Research Associate in 
Engineering at the University of Califor- 
nia and served as consultant to the War 
Metallurgy Board. 


1946 RESISTANCE WELDER 
MANUFACTURERS’ ASSOCIATION 
PRIZE CONTEST 


Julius Heuschkel’s paper on ‘‘Selecting 
Spot Welding Schedules for Low Carbon 
Steels’’ has been selected for the $750 first 
prize in the 1946 Resistance Welder Manu- Julius Heuschkel 


J. J. Riley 


graduate in civil engineering of Montana 
State College. 

A prize of $500 for the second best paper 
from an industrial source in the 1946 Re- 
sistance Welder Manufacturers’ Asso- 
ciation Prize Contest is to be awarded to 
Joseph J. Riley for his paper entitled, 
“Variation of Quality of Spot Welds in 
Low Carbon Steel Over a Range of Weld- 
ing Variables.” 

Mr. Riley is a graduate of the Class of 
1939 of the Massachusetts Institute of 
Technology. After receiving his degree 
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Training Films 


—another important function of photography 


New Book Lists Films 
for Training WELDERS 


IT TELLS YOU 


e what each film is about 

e which films are free 

e which you can rent or buy 
e where to get them 


With this book as a guide, you can instruct your 
workers easily . . . inexpensively . . . effectively. 
Thousands of large and small plants, mainte- 
nance and service shops are using it to get the 
excellent training films now available from pri- 
vate industry, government bureaus, and film 
distributors. 


On welding alone there are 55 movies and 
slide films. They cover in detail such operations 
as flame cutting, brazing carbide tools, stress 
relieving, and various forms of welding. Each 
one is described for you in this informative 104- 
page book, along with hundreds of films on other : 
industrial subjects. 


It also tells you where to get the films you > 
want and the purchase or rental cost if any. E 
Get a copy of ““The Index of Training Films” 

for reference. It’s free. Just write to... 


Eastman Kodak Company, Rochester 4, N.Y. 


Eastman Kodak Company 
Rochester 4, N. Y. 


Please send me a free copy of 
“The Index of Training Films.” 


Name 


Company 


Street 


City _State 
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of Bachelor of Science in Electrical Engi- 
neering, he worked a few years in Delco 
Products’ experimental laboratory on 
small motors and generators. Prior to 
his recent appointment as Sales Engineer 
of the Taylor-Winfield Corp., Mr. Riley 
spent four years on resistance welding 


R. W. Bennett 


problems in the laboratory of the same 


R. D. Williams 


as a member of several committees of the 
AMERICAN WELDING SOCIETY. 

A third prize of $250 was awarded to 
R. W. Bennett and R. D. Williams of 
Battelle Memorial Institute. 

Robert W. Bennett was born February 
26, 1917, at Denver, Col. In 1940, he was 
graduated from the Colorado School of 
Mines with the degree of Engineer of 
Metallurgy. From 1940 to, 1942, Mr. 
Bennett was associated with the Cater- 


stitute as a welding engineer in the Weld. 
ing Research Division. 

His work at Battelle has consisted .{ 
research in the field of flash welding. He 
has also been active in research on arc 
welding and electrode development. Mr 
Bennett has been co-author of severa] 
papers on the above-mentioned subject; 
Mr. Bennett is a member of the America 
WELDING Socrety. 

Robert D. Williams is a graduate of 
Harvard University, A.B., 1934, and a 
graduate of M.I.T., M.S. in Physical Met- 
allurgy, 1937. He has taught welding 
engineering courses in M.I.T. and Uni- 
versity of Illinois. He joined the staff of 
Battelle Memorial Institute in 1942 and is 
now Assistant Supervisor, Welding Re- 
search Division. 

His work at Battelle has covered num- 
erous welding investigations, particularly 
those dealing with weldability, develop- 
ment of metal-arc welding electrodes, and 
metal-arc welding of ferrous and non- 
ferrous materials. 

He is co-author of several papers on 
welding research presented before the 
A.W.S. and A.S.M.E. 

Mr. Williams is a member of the Ameri- 
CAN WELpING Socrety, American In- 
stitute of. Mining and Metallurgical En- 
gineers, American Society for Metals, and 
the Society of the Sigma Xi. 

Robert C. McMaster and Nicholas 
Begovitch will be awarded the $300 prize 
as the authors of the best paper emanating 


from a university source in the 1946 Re- 
sistance Welder Manufacturers’ Asso 
ciation Prize Contest. Their paper was 


concern. He is the author of several pa- 
pers on resistance welding and has served 


pillar Tractor Co., Peoria, Ill. In 1942 he 
joined the staff of Battelle Memorial In- 


EIGHT REASONS w4y YOU SHOULD SPECIFY... 
REGO GLOBE aad ANGLE VALVES 
for Your Pipe Lines 


HANDWHEEL ... improved hand grip for easier operation. 


ACME THREADS... quick acting, heavy-duty performance, 
longer engagement in bonnet. 


SWIVEL STEM .. . gives vertical movement to seat disc, elimi- 
nates chances of seat scoring. 


DIAPHRAGM ... provides positive seal of valve stem, eliminat- 
ing need of taking-up wéar or revacking required with ordi- 
nary packed-type valve. 


SEAT DISC ALIGNMENT .. . positive seating of disc assembly 
due to hexagonal guide. 


BACK SEATING .. . permits replacement of diaphragm without 
shutting down line. 


SEAT DISC . . . special long-life composition, positioned me- 
chanically as there is no dependency upon springs. 


LARGE CHANNELS. ... flow through valve is accomplished with 
minimum friction loss. 


R Globe and Angle 

Valves are available in 

the following si 7%", 
1”,1%", 14" and 2 


4201 W. Peterson Ave. Chicago 30, Illinois 


Pioneer and Leader In The Design and Manufacture of Precision Equipment for Using and 
Controlling High Pressure Gases. . 
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A NATURAL FOR WELDING 


The Hortonsphere is ideal for storing gas under pressure. 
It is the natural shape for a pressure vessel. The pressure on 
the inside of a sphere’ is equal in all directions, hence the force 
exerted against the shell is uniform at all points and the shell 
can be of uniform thickness. All of the metal in such a struc- 
ture is used to take working load. None is required to retain 
form only. 


Welding is also the natural way to join the plates forming 
the shell of a Hortonsphere. It enables the shell to be built, 
for all practical purposes, out of the equivalent of a single piece e 
of material. This reduces the weight of the structure, elimi- a 
nates the possibility of leaks at the joints and makes the surface 
easy to paint. 


The 36-ft. diam. Hortonsphere shown below is used to store 
Pigester gas at the Duluth, Minn., sewage disposal plant at 
30 lbs., per sq. in. pressure. 


om 
: 


Mibhestsccbhecsed 2455 McCormick Bldg. Birmingham 1......... 1507 North 50th Street Washington 4.............. 703 Atlantic Bldg. 
fate , 3398—165 Broadway Bldg. 1654 Hunt Bidg. Philadelphia 3........ 1668-1700 Walnut Street 
Cleveland 15............. 2282 Guildhall Bldg. 2186 Healey Bldg. Los Angeles 14............ 1471 Wm. Fox Bldg. 
1556 Lafayette Bldg. 5624 Clinton Drive San Francisco 11. . 1297-22 Battery Street Bldg. 


Fabricating plants in CHICAGO, BIRMINGHAM; and GREENVILLE, PA. 
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on “Instrumentation of the Spot Welder 
and Investigation of the Spot Welding of 
0.091-In.-0.091-In. 24St Alclad Sheet.” 

Mr. McMaster is a graduate of the 
Carnegie Institute of Technology and Cali- 
fornia Institute of Technology, where he 
received the Ph.D. degree in the fields of 
electrical engineering and physics. Prior 
to the war he worked with the General 
Electric Co. and the Naval Ordnance 
Laboratory, and taught electrical engi- 
neering at the Case School of Applied 
Science and at the California Institute of 


if 


i 


Technology. During the war period he 
supervised aircraft welding and X-ray re- 
search projects at California Institute of 
Technology, and conducted research in 
nondestructive testing of spot welds, flash 
welds, and aircraft parts and castings; in 
the spot welding of heavier gages of alu- 
minum alloys; and in radiography and fiu- 
oroscopy. He is now Assistant Research 
Supervisor in the Industrial Physics Di- 
vision of Battelle Memorial Institute in 
Columbus, Ohio. 


For Low Cos# Acetylene 


...give mea Feed 


THE SIGHT FEED GENERATOR COMPANY 


Mr. Begovich received a Bachelor of 
Science degree in Electrical Engineering 
in 1943 and a Master of Science degree in 
Electrical Engineering in 1944 at the Cali- 
fornia Institute of Technology. When 
War Production Board Project No. 16] 
was organized, he was appointed instru- 
mentation engineer. During this work, 
he developed a new method of measuring 
pulse currents that occur in discharge 
types of spot welders. Mr. Begovich is 
now teaching in the electrical engineering 
department at the California Institute of 
Technology and studying there for a Doc- 
tor of Philosophy degree. He is also in- 
strumentation engineer on a Navy re- 
search project concerned with force meas- 
urements in metal cutting. He has de- 
signed apparatus which for the first time 
has given photographical records of the 
instantaneous forces involved in metal 
cutting. He is a member of the American 
Physical Society, the Institute of Radio 
Engineers, American Institute of Elec- 
trical Engineers and a member of the hon- 
orary research society Sigma Xi 

The second prize of $200 in the 1946 
Resistance Welder Manufacturers’ Asso- 
ciation Prize Contest will be awarded to 
W. F. Hess, W. D. Doty and W. H. Childs 
for their paper entitled, ““The Spot Weld- 
ing of NE 8715, NE 8630 and SAE 4340 in 
the 0.125-In. Thickness.” 

W. F. Hess attended Rensselaer Poly- 
technic Institute at Troy, N. Y., grad- 
uating in 1925 with the degree of Elec- 
trical Engineer and did graduate study at 
R.P_1. for three years ending 1928 with the 
degree of Doctor of Engineering. He was 
instructor in Electrical Engineering and 
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This ENB press welder was 
exhibited at the National Metal 
Type ENB Style 4 spot Show in Atlantic City, 


welder with new side Nov. 18-22. 


mounted controls. 


TAYLOR- WINFIELD ANNOUNCES NEW TYPE ENB wr OPERATED PRESS WELDERS 


These welders are available in two styles. Style 1 is 
either a projection welder or a combination projection 


: Roller Anti-Fricti Iding head. 
and spot welder when horns are used. The style 4 is ¥, 
a spot welder with a swiveling lower horn. Y Provision for use of side mounted electri- 
cal controls. 
The projection welder is supplied in throat depths Y Transformer design of ‘‘damage resisting’’ 


ranging from 12 to 30 inches and the spot welder from / en ek 
18 to 36 inches. Electrical ratings are 30, 50, or 75 KVA., ders—gives low air consumption and high 


operating speeds. 
These new press welders are built to present day vy Tap switches connected to transformer 


requirements for rugged and precise resistance weld- without Sexing primary leeds. 


Composite copper-steel knee construction 
ing. They are designed and tested for long life and low vf Style 1 welders insures highest rigidity. 


maintenance costs. y Rigidly supported swiveling lower horn of 
Style 4 welders provides maximum flexibility. 


Write for the new Taylor-Winfield ENB Bulletin 3-113. Contains 
8 pages of useful information, specifications, descriptions and illus- 
trations. Send for your copy today. 
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lurgical Engineering and Head of Welding 
Laboratory, 1945. 

In October 1944, Dr. Hess was awarded 
the Lincoln Gold Medal by the AMERICAN 
WELDING Socrety and the University 
Award of the Resistance Welder Manu- 
facturers’ Association, and in July 1945 
was awarded the American Iron and Steel 
Institute Medal for 1944. In 1945, Dr. 
Hess was elected to the Boiler Code Com- 
mittee of the American Society of Me- 
chanical Engineers. 

Dr. Hess was elected President of the 
AMERICAN WELDING Socrety for the year 
1945-46. He has held the following offices 
in the Socrety: Chairman, Northern New 
York Section; District Vice-President, 
New York and New England District; 
Chairman, Committee on Awards; Chair- 
man, Educational Committee. He is a 

member of A.W.S., A.I.E.E., S.P.E.E., 

A.S.M., A.S.T.M. and Sigma Xi. 
Mr. Doty was graduated from Rens- 
W. D. selaer Polytechnic Institute in 1942 with 
the degree of Bachelor of Metallurgical 
Physics, R.P.I., 1928 to 1980. In 1929 Engineering. He received the degree of 
Dr. Hess began teaching a course in weld- M.Met.E. and Ph.D. (Metallurgy) from W. I. Childs 

ing to United States Navy Annapolis grad- R.P.I. in 1944 and 1946, respectively. hess 

uates sent to R.P.I. by the Bureau of Since May 1942 he has served as a re- Mr. Childs was graduated from the 
Yards and Docks for special training, search fellow on the staff of the Welding Rensselaer Polytechnic Institute in De- 
which has been continued since that date. Laboratory, R.P.I. He has been asso- cember 1943 with the degree of Bachelor 
He was Assistant Professor of Electrical ciated with various projects dealing with of Metallurgical Engineering and received 
Engineering and Physics, 1930-37; New the spot welding of armor plate, thin gage the degree of Master of Metallurgical 
York State licensed Professional Engineer hardenable steels and nickel alloys. He Engineering from the same school in June 
since August 13, 1935; Assistant Professor is a member of Sigma Xi, the American 1945. Since graduating he has been asso- 
in Metallurgical Engineering, 1937 to Society for Metals and a member of the ciated with the Welding Laboratories of 
1938; Associate Professor in Metallurgical AMERICAN WELDING Socrety, He has the Rensselaer Polytechnic Institute as a 
Engineering, and Head of Welding Labo- been a co-author of numerous papers in research fellow. Here he has worked on 
ratory, 1938 to 1945; Professor in Metal- the field of resistance welding. the spot welding of armor plate and hard- 
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IN THE RED DRUM 


EFFICIENT 
ECONOMICAL 
DEPENDABLE 


FOR WELDING and CUTTING 
Use National Carbide in the Red Drum 


Write us for information as to nearest available stock. 
NATIONAL CARBIDE CORPORATION New York 17, N. Y. 
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18,500-pound Hydraulic Press Casting + 350 pounds 
of Tobin Bronze saved this expensive piece of auto- 
mobile production equipment. Two hydraulic cyl- 
inders were repaired as illustrated at the left, and 
in the close-up above. The casting was received by. 
the Super Arc Welding Company of Detroit on a 
Friday, and delivered to the customer on Monday 
morning ready for machining. The Bronze weld in 
the frame, made several years ago, has stood up 
under heavy production ever since. 


BRONZE Aid for 


repairs on big jobs like this 


THE ILLUSTRATIONS above are typical of the — Publication B-13 will tell you more about 
equipment on which economical, permanent Anaconda Welding Rods for oxy-acetylene 
repairs can be made with Tobin* Bronze, repair and construction work, and electric 
“997” (Low Fuming) and other Anaconda _ welding of copper and copper base alloys. A 


Bronze Welding Rods. copy of this booklet will be sent on request. 


*Reg. U.S. Pat. Off. 46200 


For years this method of low-temperature 


repair welding has been used for reclaiming 


broken, fractured or worn equipment, or for 
building up bearing surfaces. Almost any Anafouon 
part made of cast iron, steel, malleable iron Auaconda 

or copper alloys can be Bronze welded 

quickly, dependably, and at a fraction of the WELDING RODS 

cost of new replacement parts. THE AMERICAN BRASS COMPANY 


General Offices: Waterbury 88, Connecticut 
Subsidiary of Anaconda Copper Mining Company 
In Canada: ANACONDA AMERICAN BRASS LTD., 

. New Toronto, Ont. 
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enable steels and is presently engaged in 
an investigation of the fundamentals of 
projection welding. He is a member of 
Sigma Xi, Tau Beta Pi, Phi Lambda 
Upsilon and the American Society for 
Metals. 


RECIPIENTS OF AWARDS MADE AT 
1946 ANNUAL MEETING 


Lincoln Gold Medal 


H. E. Kennedy, Berkeley, Calif., for his 
paper entitled ‘“‘Some Causes of Brittle 
Failures in Welded Mild Steel Structures.” 
Honorable Mention: George C. Luther, 
Clarence G. Jackson and Carl E. Hart- 
bower for their paper entitled ‘‘A Review 
and Summary of a Weldability Testing 
Carbon and Low Alloy Steels.”’ 


Samuel Wylie Miller Memorial Medal 


J. F. Lincoln, The Lincoln Electric Co., 
Cleveland, Ohio. 


R.W.M.A. Cash Prize Contest 


Industrial—1st Prize: Julius Heusch- 
kel, Westinghouse Electric Corp., E. Pitts- 
burgh, Pa., for his paper entitled ‘‘Select- 
ing Spot Welding Schedules for Low Car- 
bon Steels.” 2nd Prize: J. J. Riley, 
Taylor-Winfield Corp., Warren Ohio, for 
his paper entitled “Variation in Quality 
of Spot Welds in Low Carbon Steel Over a 
Range of Welding Variables.” 
R. W. Bennett and R. D. Williams, Bat- 
telle Memorial Institute, Columbus, Ohio, 
for their paper entitled ‘“The Flash Weld- 


3rd Prize: 


ing of Hard Drawn High Carbon Steel 
Wire.” 

University——-Ist Prize: R. C. McMas- 
ter and H. A. Begovich, California Insti- 
tute of Technology, Pasadena, Calif., for 
their paper entitled ‘Instrumentation of 
the Spot Welder and Investigation of the 
Spot Welding of 0.091 In.-0.091 24ST 
Alclad Sheet.’’ 2nd Prize: W. F. Hess, 
W. D. Doty and W. H. Childs, Rensselaer 
Polytechnic Institute, Troy, N. Y., for 
their paper entitled ‘‘The Spot Welding of 
NE8715 and SAE 4340 in the 0.125 Thick- 


ness.”’ 


A. F. Davis Undergraduate Welding Awards 


lst Prize: (Authors) Stephen Mikochik 
and Joseph S. Ward, Jr., New York, N. Y., 
for their paper entitled “Welding in 
Bridges.’’ (Publication) Manhattan Engi- 
neer, June 1945— Manhattan College, New 
York, N. Y. 

2nd Prize: (Author) Lee Ragsdale, Jr., 
Durham, N. C., for his paper entitled 
“Welded Homes for Millions.” (Pub- 
lication) The Dukengineer, May 1946— 
Duke University. 


A. F. DAVIS UNDERGRADUATE AWARD 


As authors of the best paper on welding 
that was published in an undergraduate 
magazine, Stephen T. Mikochik and Jo- 
seph S. Ward, Jr., have been awarded the 
‘first prize of $200 and a certificate in the 
1946 A. F. Davis Undergraduate Welding 
Award Program. Their paper entitled, 
“Welding in Bridges,’’ was published in 


S. T. Mikochik 


the June, 1946, issue of the Manhattan En- 
gineer, the magazine of the School of En- 
gineering, Manhattan College. -The maga- 
zine, as publisher of the prize-winning 
paper, has also been awarded a first prize 
of $200 and a certificate. 

Mr. Mikochik graduated from Man- 
hattan College in June of this year with 
the Bachelor’s degree in Civil Engineering 
and is now a Graduate Assistant at Rut- 
gers University where he is working for his 
Master of Science degree. He entered 
Manhattan College in July, 1943, taking 
the structural option there under the war- 
time accelerated program after graduating 
from Brooklyn Technical High School in 
1942. At Manhattan he was a student 


SPOT BUIT ARC 


WELDERS 


cleaning problem? 


Preparing Aluminum Surfaces 


for Resistance Welding 


AiR, FOOT or 
Are you interested in successful shop-tested 


MOTOR Oper- 
practices for properly preparing aluminum prior 
, Oring’ to resistance welding? Do you want timely in- 


formation that will help you to handle prepara- 
tion work faster, more effectively thanever before ? 
Then send for a copy of the Oakite Surface 
Preparation Manual. 


The data contained in this specially-prepared 


We manufacture a complete 
line of resistance spot welders 
from 4% to 300 KVAforalltypes 
of welding. There is an EISLER 


WELDER for every purpose. Manual will enable you to obtain more welds... 

Transformers of all types. . better welds in less time. Details of the neces- 

We invite contract spot welding 3 sary equipment are augmented by informative 

ty oF qpuntities. diagrams. Your FREE copy will gladly be sent 
Write for Catalog on request. 


EISLER ENGINEERING CO. 
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LIPS THAT TOUCH 
LAST 300%. LONGER 


Lips of clam-shell buckets, hard-surfaced with Hardex Elec- 
trodes, have a life span 300% longer than without hard-surfacing, 
according to a welding superintendent who studied the results 
of Hardex all-position rods. i” 


What Hardex Hard-surfacing Is 


Hardex hard-surfacing is a low cost, yet efficient, method of 
repairing and renewing used parts and of increasing the effec- 
tiveness of new equipment by applying, with special electrodes, 
a facing, edge or point of hard alloy to iron and steel parts... 
greatly increasing their resistance to abrasion, impact, heat 
and corrosion. 

Investigate Hardex Electrodes, Too 


Hardex Electrodes cover many hard-surfacing requirements. 
Let us help you select the right Hardex electrode to speed 
production or increase the life of your equipment. Simply write 
for booklet on Hardex Electrodes. 


METAL & THERMIT CORPORATION 
120 BROADWAY, NEW YORK 5, N. Y. 


Albany Chicago Pittsburgh So. San Francisco Toronto 
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J. S. Ward, Jr. 


member of the American Socjety of Civil 
Engineers and a member of the Manhattan 
Engineers. 

Mr. Ward also graduated last June from 
Manhattan College with the degree of 
Bachelor of Civil Engineering after re- 
ceiving preparatory training at De La 
Salle Institute. At Manhattan he was 
President of the Student Council, the stu- 
dent chapters of the American Society of 
Civil Engineers and the Society of Ameri- 
can Military Engineers. Mr. Ward was 
the recipient of the Cardinal Hayes Me- 
morial Prize for Social Distinction from 
Manhattan College and the Robert Ridge- 
way Award given by the Metropolitan 
Section of the A.S.C.E. He is a native of 
New York City, having been born there in 
1925. At present he is a Graduate Assist- 
ant at Rutgers University where he is 
working for a Master of Science degree. 


RESOLUTION IN MEMORIAM— 
H. M. HOBART 


Upon notification of death of Mr. H. M. 
Hobart, founder member, past Director 
and Miller Medallist, A.W.S., a committee 
composed of C. A. Adams, Chairman, F. 
M. Farmer and W. Spraragen; was ap- 
pointed by the President to prepare Reso- 
lutions. 

The following resolutions were prepared 


and approved by the Board at its meeting 
on Oct. 24. 

WHEREAS in the death of Mr. Henry M. 
Hobart the AMERICAN WELDING SOCIETY 
has lost one of its charter members and 
Miller Medalists; and 

Wuereas Mr. Hobart was one of the 
enthusiastic and vigorous supporters of 
the Society during those early and, diffi- 
cult years; and 

WuerEas his vision has left its imprint 
on the ideals and structure of the Society; 
and 

WueErEAs his unselfish service, his sym- 
pathetic understanding, inspirational lead- 
ership, and the respect for his abilities as 
an engineer were outstanding factors in the 
stimulation and promotion of fundamental 
research in the field of welding: Therefore 
be it 

Resolved, That the AMERICAN WELDING 
Society, through its Board of Directors, 
hereby express its deep appreciation of 
Mr. Hobart’s outstanding services to the 
evolution of the science and art of welding; 
and be it further 

Resolved, That this resolution be spread 
on the Records of the Socrety and that a 
copy be transmitted to Mrs. Hobart. 


NEW ARC WELDING FILM ON DESIGN 


“Design for Arc Welded Structures” 
is a new motion picture produced to assist 
architects, engineers, contractors and all 
people in the structural field to visualize 
the improvements in design and construc- 
tion which are made possible by using arc 
welding. Directed by The Lincoln Elec- 
tric Co., this color sound movie is an- 
other in the series of educational motion 
pictures recently completed by the world’s 
largest manufacturer of arc-welding equip- 
ment. 

Humorously portraying a cave man’s 
first attempt to join a structure with 
thongs, the film reviews the development 
of fastening methods . . . wooden pegs, 
then nails and as structural steel replaced 
wood, by bolts, nuts and rivets. Each of 
these methods of fastening had definite 
limitations but with the development of 
are welding, the film shows how the de- 
signer now has unlimited freedom of de- 
sign. 

How are welding permits simplified 
design, new freedom in planning, reduces 
steel tonnage and also simplifies detailing, 


fabrication and erection is all clearly see 
The picture also explains the tremendous 
possibilities of tubular construction and 
rigid frame design for more efficient use of 
materials and better appearance. 

The film, which has a running time of 
approximately 15 minutes and was pro- 
duced by Herb Lamb Productions, is 
available in 16-mm. sound color prints 
from The Lincoln Electric Co., 12818 
Coit Road, Cleveland 1, Ohio, at no 
charge except for transportation. 


RESISTANCE WELDING BULLETIN 


A new enlarged edition of a bulletin 
describing Ampcoloy Resistance Welding 
Electrodes and alloys has just been issued 
by Ampco Metal, Inc., Milwaukee 4, Wis. 

Included in the new bulletin are dia- 
grams and information covering a new 
line of water-cooled eiectrode holders. 
A large selection of spot welder tips is of- 
fered and the list of seam welder wheels 
has been greatly enlarged. Copies of 
Bulletin 68A will be sent on request. 


STRUCTURAL RESEARCH GAINS AT 
LEHIGH 


Structural research at Fritz Engineering 
Laboratory at Lehigh University has 
reached an all-time high this year, and will 
expand to meet postwar demands, Dr. 
Martin D. Whitaker, President of the 
University, announced on October 4th. 

Five major projects of a varied nature 
are in progress and actual tests on all work 
will be under way before the spring of 
1947. The intensive research program in 
cooperation with various industries and 
national institutes is being conducted by a 
nine-man staff as part of Lehigh’s In- 
stitute of Research of which Dr. Harvey A. 
Neville is director. 

Professor Hale Sutherland, head of the 
department of civil engineering, is director 
of the laboratory. The work in structures 
and materials is under the supervision of 
Dr. Bruce G. Johnston, associate director 
of the laboratory. ‘ 

During World War II, peacetime re- 
search was stopped and the laboratory did 
an unprecedented amount of special de- 
velopment work and industrial testing, 
operating for more than a year on a 24-hr 
per day basis. 


TIP CLEANING DRILLS 


Mounted in Knurled 
BRASS Handled 


LARGE STOCK 


PROMPT DELIVERY 
NO RATING REQUIRED 


DISTRIBUTORS WANTED 


NEW MEXICO STEEL CO. 
Box 691, Albuquerque, N. M. 


Buy “Proven Fluxes’’ with Years of 
Guaranteed Satisfaction behindthem 


Aluminum; 


Paste Flux. 


The Trade-Name is “ANTI-BORAX”’ 
Ask for Them 


A Flux for every metal: Cast Iron Welding Flux 
No. 1; Brazing Flux No. 2; Braz-Cast Flux No. 4 
for bronze-welding cast iron; “ABC” Aluminum 
Flux No. 8 for sheet Aluminum and all alloys of 
Stainless Steel Flux No. 9; Silver 
Solder Brazing Flux No. 10; No. 16 Silver Solder 


ANTI-BORAX COMPOUND COMPANY 
Fort Wayne, Indiana 


Unequalled for Quality 
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CUT WELDING COSTS. To help supervisors and foremen use 
arc welding more economically, Lincoln publishes a series of 
procedure sheets and will send these on request. Procedure 
bulletins on manual and automatic welding are available to 
engineers and supervisors. Write us, stating your particular 
application. 


LEARN FROM OTHERS. The Lincoln library of arc welding 
knowledge includes the world’s leading books on all phases 
of thé subject. New 8th Edition Procedure Handbook contains 
1312 pages of latest facts gathered by experts the world over. 
Price, $1.50 (postpaid in U.S.A.). Write for free Bul. 713 and 
Bul. JFLF 128 on Lincoln books. 


ADVERTISING 


Look, Mr. Jordan, how Lincoln is helping engineers, production men and 
executives DO SOMETHING constructive with arc welding: 


SOLVE DESIGN PROBLEMS. The Lincoln sound-color movie, 
“Design for Arc Welded Structures” depicts the progress of 
construction from cave man days... is packed with ideas for 
design and lower costs. Full details in Bul. 719. ““The Preven- 
tion and Control of Distortion in Arc Welding’’, explains the 
causes and cures of distortion. Ask for Bul. 709. 


ASK FOR ADVICE. Mr. R. H. Davies, Consulting Engineer 
of The Lincoln Electric Company, will come to your plant for 
three days or longer for an advanced course in welding en- 
gineering and to discuss welded design as applied to your prob- 
lems. Write to R. H. Davies for details. The cost for this service 
is small. 


THE LINCOLN ELECTRIC COMPANY @ Dept. 59 #© Cleveland 1, Ohio 
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William H. Munse, formerly of the 
United States Navy and the Atom Bomb 
project, has joined the laboratory to be 
full-time research engineer on a project 
sponsored by the Association of Iron and 
Steel Engineers. This research endeavor 
is an investigation of the strength of va~- 
rious types of both riveted and welded 
ladles aimed to produce better design pro- 
cedures. Munse holds B.S. and M.S. 
degrees from the University of Illinois and 
previously had been a staff member at that 
institution. 

Another project, an investigation of the 
strength of steel columns under combined 
end thrust and bending moment, is spon- 
sored by the American Institute of Steel 
Construction. Joseph Ready, a graduate 
of the University of Alabama in 1943 and 
until recently a member of the United 
States Army, has joined the Lehigh staff in 
Fritz Laboratory for this project. 

In a closely related project, William 
Luxion Penn State graduate, will investi- 
gate the ultimate strength of continuous 
welded frames for the Welding Research 
Council. 

The latest and largest program of Fritz 
Laboratory which will be supervised 
jointly by the metallurgical department, 
is in cooperation with the Pressure Vessel 
Research Committee of the Welding Re- 
search Council. This program will con- 
cern the effect of fabrication processes on 
various steels. Cyril J. Osborn, a grad- 
uate of the University of Melbourne, 
Australia, has joined the Lehigh research 
staff to take charge of this program. 

Fu-Kuei Chang, Lawrence Calvin Brink 
Research fellow, is compiling data and 
records on all of the past work of the labo- 
ratory. 

During the past 15 years, there have 
appeared in technical magazines and trade 
journals 75 articles and papers based on 
Fritz Engineering Laboratory projects. 

In an article entitled ‘‘Developments in 
Welded Steel Construction,” the Engineer- 
ing News-Record summarizes this particu- 
lar work as follows: 

“Through the research at Lehigh and 
the studies based upon it a more efficient 
and more rational method of design has 
been developed for welded building con- 
nections than has been used heretofore in 
steel building construction. At the same 
time, through the provision of standard- 
ized details and design diagrams, the de- 
signer has been relieved of much of the 


routine calculations that were once neces- 
sary. Further, there has been provided a 
sound basis for the design of connections 
for rigid and semirigid framing.” 


C. M. TAYLOR ELECTED EXECUTIVE 
VICE-PRESIDENT OF THE LINCOLN 
ELECTRIC CO. 


C. M. Taylor has been elected executive 
vice-president of The Lincoln Electric Co. 
by the board of directors, it was announced 
today by J. F. Lincoln, president of the 
company. 

Mr. Taylor has been with The Lincoln 
Co. since 1916, having been granted a 
leave of absence for service in World War 
I. He enlisted in the Air Corps in 1917 
and returned at the end of the war, when 
he became a foreman. Later he was placed 
in charge of the company’s time study and 
methods department, advanced to assist- 
ant superintendent and then superintend- 
ent. In 1928, he was appointed vice- 
president in charge of sales and has served 
on the board of directors since 1927. 


C. M. Taylor 


The newly elected executive vice-presi- 
dent is a native Clevelander, having been 
born on a farm near Taylor Road in East 


Cleveland, Ohio. The Taylor residence 
is now on Brookwood Drive, South Euclid. 

Mr. Taylor is a member of the Americay 
Socrety, Cleveland Chamber of 
Commerce, Mayfield Country Club, the 
Union Club and Alpha Delta Phi frater. 
nity. He was educated at Prospect ele. 
mentary school in East Cleveland, Shaw 
High School and Western Reserve Univer. 
sity. 


NEW OXYGEN PLANT IN CHARLOTTE 


A new oxygen filling station and 
PREST-O-LITE acetylene producing 
plant on, West Trade Street in Charlotte, 
N. C. has been opened by The Linde Air 
Products Co. 

The oxygen plant is already in opera- 
tion, and it is expected that the acetylene 
plant will start operating by December 1, 
1946. The new filling station and plant, 
outside the city limits of Charlotte, in 
Mecklenburg County, is in a convenient 
location for supplying two of the com- 
pany’s main products, Linde oxygen and 
Prest-O-Lite acetylene, to industries in 
this area. At the present time The Lind 
Air Products Co., a Unit of Union Car- 
bide and Carbon Corp., has oxygen and 
acetylene warehouses at 700 South Mc- 
Ninch St. in Charlotte. 


RESISTANCE WELDING ALLOYS CHART 


A new chart entitled “Comparative. 
Resistance Welding Alloys’’ has just been 
issued by Ampco Metal, Inc., Milwaukee 
4, Wis. The chart lists by groups, classes 
and trade names, alloys produced by 
Ampco and seven other companies serving 
the resistance welding field. R.W.M.A. 
minimum ‘properties for each group and 
class are also published. 

The new chart serves to establish Amp- 
co’s place in the resistance welding field 
and indicates clearly the comprehensive 
array of alloys available to the industry. 

The increasing use of Ampcoloy re- 
sistance welding electrodes and alloys 
makes this chart important to all operators 
of resistance welding equipment. A copy 
will be sent free on request. 


FOR SALE 


? SIX SEAM WELDING TIMERS 
WESTINGHOUSE TYPE SE-4 
COMPLETE WITH ALL TUBES 
SLIGHTLY USED IN GOOD CONDITION 


UNITED METAL BOX CO., INC. 


168 SEVENTH STREET—BROOKLYN 15, N. Y. 
PHONE: SOUTH 8-6700 
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A complete new line of standard 


TRUNCATED CONE TYPE 
SPOT WELDING ELECTRODES 


Once again additions have been made to the Mallory line of standard 


resistance welding electrodes to give you optimum electrode perform- 
ance and weld quality. 


Extensive tests have indicated that a truncated cone type of electrode 
possesses the ideal contour for all-around spot welding. Heat generated 
in the electrode during welding is dissipated more rapidly and mush- 
rooming is reduced to a minimum. Restoration of the original contour 
is a simple, low cost operation, requiring very little removal of material. 
The welding face diameter can be readily controlled. Positive electrode 
alignment is a simple operation. The truncated cone type of electrode 
conforms to American Welding Society Tentative Standards. 


Information about available stock sizes of this new type of electrode is 
contained in the new 1946 Mallory catalog illustrated at the upper left. 
Write for it today! A copy should be in your files. 


MORE UNIFORM WELDS... EASIER 
REDRESSING . . . REDUCED MUSHROOM- 
ING... LOWER OPERATING COST! 


In the United Kingdom, made and sold by MALLORY METALLURGICAL PRODUCTS, LTD. 
(An Associate Company of Johnson, Matthey & Co., Limited), Hatton Garden, London, E. C. 1 


ALLO 


RESISTANCE WELDING ELECTRODES 


P. R. MALLORY & CO., Inc., INDIANAP 
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HOW TO SUPPLEMENT YOUR INCOME 
WITH ARC-WELDING EQUIPMENT 


By A. H. Kellard 


In order to supplement my income and 
enjoy my leisure hours although working 
as a welder in a farm machinery manu- 
facturing plant at the time, I decided to 
purchase a welding generator and build 
up a gasoline engine driven welding outfit 
of my own. There’s nothing I would 
rather do than weld and I thought I might 
as well make money at the same time. 

My first project after completing the 
welding outfit was an all-weldeq Gym set, 
and so many orders for them were received 
that I haven’t found time to work on 
some other projects in mind. Gym sets 
are not new, but all-welded ones are in my 
community, and a ready market resulted. 
It seemed as though each sale was re- 
sponsible for another order. 

The first set took quite a while to build, 
but after so many orders came in I de- 
cided to make up welding fixtures to hold 
the teeter-totter parts, ladder, and “‘A’”’ 
frames in place while welding. By this 
method production was increased con- 
siderably as I was able to cut and weld 
10 complete units at a time and complete 
all of them in approximately three weeks 
of spare time. This includes cutting the 
pipe and steel the proper lengths, assem- 
bling, cleaning and painting. 

All upright parts are welded to short 
lengths of 1'/,-in. pipe and tfien slid over 
the end of the 7-ft. lengths of l-in. pipe to 
hold them together. The pieces of 1'/,-in. 
pipe to which the braces or “A’’ frames 
are welded, have set screws to hold them 
fast to the l-in. pipe. Steel yokes are 
welded on the center piece of 1'/,-in. pipe 
to hold the swing chains. 

The braces or “A” frames are 9 ft. long 
and are set 1 ft. in the ground. The angle 
of the braces or ““A’’ frames lowers them 
about 1 ft., so the cross piece is approxi- 
mately 7 ft. off the ground. 


+ 


So far, I have sold 20 of these at $30 a 
piece. I also make smaller models for one 
swing and to hold lawn or porch swings. 
One-inch pipe is used for the smaller ones. 


ITEMIZED ACCOUNT OF MATERIAL USED 
FOR ONE SET 


46 ft. of 1'/s-in. used pipe at 0.07¢ 


25 ft. of chain at 0.03¢ per ft... ... 0.75 
60 ft. of bar steel (spring steel—un- 
tem pered/ 1.25 
10 feet of 1-in. used pipe at 0. 05 per 
. 0.50 
4 swing seat hooks.............. 0.10 
12 “S” hooks at 0.02¢............ 0.24 
4 5/,,-in. split links.............. 0.15 
9 3/,- x 1-in. and 2-in. bolts and 
1 3/,- x 18-in. pipe.............. 0.05 
0.20 
Gasoline and electrodes........ 0.50 
Material Cost per Unit...... $7.81 


SEAM WELDER INFORMATION 


An 8-page, two-color folder (Bulletin 
No. 803), packed with information on the 
design, operation, and applications of its 
improved standard and special seam 
welders, has been made available by Pro- 
gressive Welder Co., 3050 E. Outer Drive, 
Detroit, 12, Mich. 

As shown in the bulletin, Progressive 
seam welders are made in three sizes: 
light, medium and heavy duty. Each 
size is available in three different types: 
circular, longitudinal and universal. In 
the universal model, the upper head can be 


= 
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rotated 90° for both longitudinal and cir. 
cular seam welding. The lower arm’s 
outer section is also interchangeable for 
longitudinal and circular welding. Each 
type of seam welder is built with five 
methods of driving the seam welding 
wheels: (a) upper gear; (5) lower gear; 
(c) upper knurl; (d) lower knurl and (e) 
upper and lower knurl. 

Among the features of Progressive seam 
welders listed in the bulletin are full range 
of circular, longitudinal and universal 
models; quick-change welding wheels; 
adjustable welding speeds; full water cool- 
ing; and heavy duty transformers. Spe- 
cial differential drives—especially desir- 
able when welding coated steel, soft 
metals, etc——are also featured. Pro- 
gressive’s simple differential drive unit, 
which can easily be substituted for the 
standard variable speed drive, is also 
suggested for maintaining equal welding 
wheel surface speeds when wheels of differ- 
ent diameters are required, or to compen- 
sate for differential rates of wheel wear on 
wheels of the same diameter. 

Typical applications of Progressive 
standard seam welders are pictured, in 
cluding the welding of a cylindrical cup to 
a flat circular plate; welding gas tanks; 
welding 22-gage steel tubes at 15 ft. per 
minute; and a dual-duplex seam welder— 
with an indexing table—that welds two 
seams, indexes and makes another pair of 
seams of different widths. 


BAREFOOT PROMOTED 


J. R. Barefoot, formerly Plant Engineer, 
has been named Executive Assistant to H. 
A. Stix, Executive Vice-President and 
Treasurer of the Federal Machine and 
Welder Co., Warren, Ohio. Mr. Barefoot 
attended Carnegie Institute and is a grad- 
uate of Penn State College. He came to 
Federal in 1941 from Penn State, but inter- 
rupted his career at Federal to serve in the 
Navy. He returned to Federal early this 
year to assume his new position. His 
chief responsibility as Executive Assistant 
in charge of plant coordination consists of 
coordinating production of the various 
plants acquired by Federal in its postwar 
expansion, including Warren City Manu- 
facturing Co., makers of heavy-duty indus- 
trial presses and press brakes, and the 
Sommer and Adams Co. of Cleveland, 
manufacturers of high-precision machine 
tools and plastic production equipment, 
important Federal subsidiaries. Mr. Bare- 
foot is a member of the AMERICAN WELD- 
ING SoOcIETyY. 


WINSOR JOINS ARMOUR 


Dr. Frederick J. Winsor, an associate 
member of the AMERICAN WELDING 
Society, has accepted a position as re- 
search metallurgist with the Armour Re- 
search Foundation in Chicago. Dr. Win- 
sor was formerly a research assistant in the 
Welding Laboratory at Rensselaer Poly 
technic Institute, where he was engaged 1” 
research on the resistance welding of alu- 
minum alloys. 
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When Production Planning Sheet 
Metal Goods 


Federal Welders 
Raise Standards of 
Metal Fabrication... 
In Small Shop or 
Large Plant 


Fer production of freeze boxes 
naces,stoves or store fixtures, all types, all sizes. 


The business of making things from metal has 
come a long way since the dayg when everything 
from rainspouts to refrigerator liners was roll-seamed 
and soldered, not too many at a time, by craftsmen 
known (with all due respect) as “Tin Knockers’. 
‘Today Federal Spot Welders play a big role in 
making Metal Fabricators out of such craftsmen. 


In the smallest shops...the largest plant... 
Federal Spot Welders are speeding and improving 
fabrication of tremendous tonnages of metal. 
Variety of production is from small ‘‘tack on’’ jobs, 
accomplished with amazing speed, to assembly of full- 
size cabinets, lockers, boxes or what have you. Cuts 
in costs and ‘“‘ups’’ in production are the rewards 
in each application. Try it on YOUR fabrication. 


FOR SPECIAL DELIVERY 


Current production permits early shipments 


One of c line of Federals in a large scale job on these models PA 1 Press Type Welders 
shop making “anything” from sheet metal. —Rocker Arm Spot Welders Subject to 
Prior Order. 


7 
wre. 
Another production line application of Federal! 
Rocker Arm Soot Welders. 7 
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AMSCO APPOINTMENTS 


The American Manganese Steel Division 
of American Brake Shoe Co., Chicago 
Co., Chicago Heights, II]., announces three 
major appointments: A. R. Sittig as man- 
ager of manganese steel sales, with offices 
at Chicago Heights, Ill.; E. L. Quinn as 
assistant vice-president in charge of weld- 
ing products, with offices at Chicago 
Heights, Ill.; and E. J. Nist as assistant 
vice-president with offices at 230 Park 

- Ave., New York, N.Y. These veterans of 
many years with Amsco, are well known in 
the field having long been associated with 
the selling of manganese steel parts and 
welding products. 


PIGGOTT BECOMES DOCKSON 
MANAGER 


Advancement of Harold E. Piggott to 
General Manager of the Dockson Corp., 
manufacturers of welding equipment and 
head and eye protection devices, was an- 
nounced by C. J. Kollar, President of the 
corporation. 

Mr. Piggott joined the corporation over 
twenty-three years ago and has advanced 
through the production, purchasing and 
sales divisions of his company to his new 
position as manager of the corporation’s 
entire activities. Mr. Piggott isa member 
of the AMERICAN WELDING SOCIETY. 


BEN WISE JOINS NATIONAL 


E. C. Smith, President and General 
Manager of National Electric Welding 
Machines Co., of Bay City, Mich., has 
announced the appointment of Ben L. 
Wise as Production Engineer. He was 
formerly Assistant General Manager of 
Federal Machine and Welder Co. of War- 
ren, Ohio, and prior to that he was associ- 
ated with Westinghouse Electric Corp. as 
Application Engineer. 

Mr. Wise assumed his new duties and 
has taken up residence in Bay City as of 
October lst. His wide experience in the 
resistance welding field and his knowledge 
of production problems give him a per- 
spective which will be beneficial to pros- 
pective and present users of National’s 
products. 

He is a graduate Electrical Engineer, 
having received his degree from Pennsyl- 
vania State College, State College, Pa., at 
which he was elected to membership in 
Tau Beta Pi honorary engineering fra- 
ternity. He is Vice-President of District 
#4 of the AMERICAN WELDING SOCIETY and 
a member of several of the A.W.S. Tech- 


‘Ben L. Wise 


nical Committees. He is a member of the 
American Institute of Electrical Engineers 
and a member of the A.I.E.E. Committee 
on Electric Welding; also a member of 
the Resistance Welding Research Com- 
mittee of the Welding Research Council. 
He serves also on the American Standards 
Association Subcommittee on Resistance 
Welding Apparatus. 


DR. A. B. KINZEL AGAIN HEADS 
ENGINEERING FOUNDATION 


The Engineering Foundation, at the 
annual meeting of its Board, in the Engi- 
neering Societies Building, 29 West 39th 
St., on October 17th, re-elected A. B. 
Kinzel, internationally known metallur- 
gist, as Chairman for the coming year. 
Dr. Kinzel is Vice-President of the Union 
Carbide and Carbon Research Labora- 
tories, Inc., and of the Electro Metallur- 
gical Co. During the war he was senior 
consultant of the Metals Branch of the 
War Production Board, and Chief Con- 
sultant on Metals to the Enemy Branch of 
the Foreign Economic Administration. 
His activities extend to the professional 
technical societies including the Inter- 
national Commission for Acetylene and 
Welding and the Committee on Metals of 
the National Academy of Science. 

Other officers elected were: L. W. 
Chubb, Director of the Westinghouse Re- 
search Laboratories, as Vice-Chairman; 
Edwin H. Colpitts, formerly Vice-Presi- 
dent of the Bell Telephone Laboratories, 
re-elected Director; and John H. R. Arms, 
re-elected Secretary. Dr. Kinzel will 
represent the Engineering Foundation on 
the Executive Board of the National Re- 
search Council. 


The Research Procedure Committee 
this year will be headed by Dr. Chub) 
who was recently awarded the John F rits 
medal and certificate, the highest award in 
engineering, pioneering genius and 
notable achievements during a long career 
devoted to the scientific advancement of 
the production and utilization of electrica} 
energy.’’ Other members of the Research 
Committee will be B. A. Bakhmeteff 
(A.S.C.E.), consulting engineer and Pro. 
fessor of Civil Engineering, Columbia Uni- 
versity; J. F. D. Smith (A.S.M.E.), Act- 
ing President of Purdue University and 
Dean of its Engineering School; F. F. 
Coleord (A.I.M.E.), Vice-President and 
Manager, Metal Sales, U. S. Smelting, 
Refining, and Mining Co., New York 

The Executive Committee will consist 
of Dr. Kinzel, J. Schuyler Casey, R. H. 
Chambers, C. R. Jones and O. E. Buckley: 
Mr. Arms is secretary of the committee. 

The Engineering Foundation was 
founded in 1914 by Ambrose Swasey, of 
Cleveland, Ohio, for ‘‘the furtherance of 
research in science and engineering, and 
the advancement in any other manner of 


the profession of engineering and the good . 
of mankind.”” He made five giftsintended ~ 


to be the nucleus of a great “community 
trust” for engineers, to be augmented by 
the gifts of many donors. 

The Engineering Foundation is one of 
the departments of the United Engineer- 
ing Trustees, Inc., a corporation which 
was set up jointly by the four national 
engineering Founder Societies which have 
an aggregate membership of over 88,000 
These societies are: American Society of 
Civil Engineers, American Institute of 
Mining and Metallurgical Engineers, The 
American Society of Mechanica! Engi- 
neers, and American Institute of Electrical 
Engineers. The Engineering Societies’ 
Library, with some 194,000 books and 
pamphlets, one of the largest collections on 
technical matters in the world, is also a 
department of the United Engineering 
Trustees, Inc. 

Reports submitted at the meeting 
covered eleven research projects which the 
Engineering Foundation had aided during 
the past year. These projects involved 
research in such diversified fields as: soil 
mechanics, hydraulics, alloys of iron, 
metal cutting, lubrication, rolling friction, 
welding and plastic flow of metals. 


Foundation Fills Research Gap 


The report of the Chairman states that 
in selection of projects to be supported 
preference has continued to be given to 
those of a more fundamental nature which 
would not mormally be undertaken by an 
industrial research organization. Where 
a project is of interest to a group of in- 
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dustries the Foundation has provided lim- 
ited financial support and a sponsorship 
which enabled the main support of the 
project to be secured from industry or 
other sources. In general it would be un- 
derstood the grant of the Foundation 
merely supplemented the contributions of 
the organization carrying on the research. 
Such contributions were space, testing fa- 
cilities, technical direction of project, etc. 
Thus supplemented, relatively small 
grants from the Foundation were made 
most effective. 


LIQUID CARBONIC EXPANDS 


A new factory building has just been 
completed and is now in use for the manu- 
facture of welding and cutting torches, 
regulators and welding equipment, Fred H. 
Lewis, Sales Manager of Wall Chemicals 
Division of the Liquid Carbonic Corp. 
announced recently. 

All manufacturing will be done in the 
new building, but sales and administrative 
personnel will remain at the main office of 
the parent corporation, 3100 S. Kedzie 
Ave., Chicago. 

The new building, located at 1454 West 
Randolph st., is thoroughly modern in 
design, equipment and arrangement. It 
is constructed of brick, one story in height, 
and well lighted with both conventional 
windows and skylights. 

Production machines planning and de- 
sign was handled by Guy F. Goddeau, 
design engineer and plant superintendent. 
Layout of the factory and arrangement of 
the machines was done by Theodore Kelm, 
Jr., assistant superintendent. 

Floor space of the new building more 
than doubles that of the old factory on 
Jackson Boulevard in Chicago. New 
machines and better arrangement of fa- 
cilities are expected to add greatly to the 
production of the division. 


HIGH-STRENGTH STEELS* 


In their struggle to make a short supply 
of alloying elements fill exacting demands 
at the far fronts of a globe-enveloping 
war, American steel makers achieved 
steel properties which were only vaguely 
surmised ten short years ago. As a result 
of the combined research, steel users in the 
future will find more hardenability, 
strength and toughness than ever before 
in fewer varieties of steel. 

This assurance wags given today by 
Marcus A. Grossmann, Director of Re- 
search, and J. M. Hodge, Development 
Engineer, Carnegie-Illinois Steel Corpo- 
ration, in reply to an interview question, 
“What Is New in Alloy Steels?” asked by 
the editors of Machine Design, of Cleve- 
land, Ohio. The view in general was also 
supported by other scientists in this and 
other subsidiaries of United States Steel 
corporation. 

“What we achieved in steel was achieved 
in most American industries, and even in 
American homes, during the war,” Dr. 


* Released by United States Steel Corp. 
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Grossmann explained. ‘‘The war had to 
be won. To achieve victory every Ameri- 
can had to make a little less go a lot far- 
ther. The new knowledge we gained will 
serve us well in the years ahead.” 

Outstanding among alloy steel achieve- 
ments of the war which are being unveiled 
from secrecy as stable parts of peacetime 
metallurgy, Dr. Grossmann and Mr. 
Hodge agreed are (1) the realization of the 
significance and importance of the harden- 
ability concept, and (2) the development 
of “super alloys’ for high-temperature 
service in jet turbines. 


The development of the now familiar 
(National Emergency) alloy steel compo- 
sitions was cited as an example of the 
trend toward practical application of the 
hardenability concept. These steels, the 
scientists said, permitted rapid, efficient 
abatement of serious alloy scarcities re- 
sulting from war conditions. The assur- 
ance of adequate hardenability was a 
prime requisite to meet the drastic require- 
ments of ordnance service, and the appli- 
cations of this principle to the develop- 
ment of alloy steels for peacetime use have 
been increasingly recognized by the steel 
industry in the last two years. 

Mr. Hodge, whose specialty is heat 
treatment, told of new steels whose compo- 
sitions included molybdenum, tungsten, 
cobalt, columbium, vanadium and titan- 
ium in entirely new proportions developed 
for high-temperature service in gas tur- 
bines and jet engines. The more severe 
the temperature requirements, he said, the 
greater in general was the amount of alloy 
needed, although the use of small amounts 
of certain alloys in combination was found 
to be often more effective than a mere in- 
crease in percentage of any one. 

The development by Carnegie-IIlinois 
of an age-hardenable stainless steel, he 
predicted, will undoubtedly lead to many 
peacetime applications. Of the famous 
18-8 group, but containing additions of 
aluminum and titanium, this steel was 
said to be heat treated by quenching from 
an elevated temperature, followed by re- 
heating in the range of 800-1000° F. to 
produce additional strength. Since 
strength is increased by the process, he 
explained, it becomes possible to provide 
the high strength otherwise obtainable in 
cold reduced flat rolled sections, even in 
heavy and complex sections. At the same 
time, this steel was said to possess the 
usual corrosion resistance of the 18-8 type. 

Another development in the 18-8 stain- 
less field mentioned as recently disclosed 
is a process for providing unusually low 
carbon contents for such steels, making it 
possible to use 18-8 in welding appli- 
cations where ordinary 18-8 would cause 
the “presence of a zone susceptible to 
intergranular corrosion.” 


The technique of building up structures 
of high strength and toughness, together 
with superior rigidity and lightness, from 
alloy steel plates or shapes by the use of 
welding, developed and used extensively 
for gun mounts and other ordnance items, 
Dr. Grossmann asserted, will find many 
peacetime applications also. Both low- 
alloy, high-tensile steels and heat-treated 
alloy steel plates and shapes were used 
during the war. One peacetime appli- 
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cation, he suggested, is in the manufacture 
of heavy-duty power shovels, for which re- 
quirements of strength, rigidity and light- 
ness are particularly high. 

A low-carbon, nickel-molybdenum steel, 
developing a yield strength of 100,000 
psi. by cold reduction, he recalled, had 
been successfully spot welded into airplane 
structures. While the scarcity of nicke| 
during the war restricted the use of this 
steel, he foresaw many uses for it in peace- 
time. 

“Resuming now the transition from war 
to peace,”’ said Dr. Grossmann, “‘we have 
seen that one of the significant contribu- 
tions of the war years was the recognition 
of the importance of hardenability. The 
trend during the last two years has been 
toward an ever-increasing application of 
this concept to the selection of steels for 
machine parts. 

“The importance of this concept is 
based primarily upon the fact that the 
properties of a steel part are largely a func- 
tion of its microstructure rather than of 
its chemical composition. The micro- 
structure generally associated with the 
most desirable properties (strength and 
toughness) is the fully hardened and tem- 
pered structure—‘tempered martensite.’ 
If the hardenability of a steel is such that 
this microstructure can be obtained under 
given conditions of size and quenching 
rate, the user is assured of obtaining these 
superior qualities. 

“This concept was used to develop the 
NE specifications, and is now used by 
metallurgists and designers as a basis for 
selecting. suitable steels for specific appli- 
cations. Since many alloy combinations 
can be used to provide a desired harden- 
ability, the choice of a composition may be 
made on the basis of economy or avail- 
ability. 

“The newer understanding of the func- 
tion of hardenability has led to a demand 
for steels in which the hardenability is re- 
stricted to a specified range. It has been 
found possible to extend somewhat the 
customary over-all chemical composition 
ranges for such steels and still remain 
within the hardenability specification. 
Such steels have come to be known as ‘H’ 
steels and their hardenability ranges as 
‘hardenability bands.’”’ 

In the field of low-alloy, high-strength 
steels, both men look for wider applica- 
tions, to take advantage of weight saving 
and corrosion resistance. The type of 
welded construction mentioned above, 
they said, has created a demand for ma- 
terials of even higher strengths, and steels 
are being developed to meet these require- 
ments, including compositions in which 
higher properties are obtained after a 
“stress-relieving”’ treatment. 

There is also an increasing trend toward 
the use of alloy steels as railway materials, 
they asserted, and research and develop- 
ment are progressing toward the use of 
these steels for locomotive boilers and for 
rails at locations where service conditions 
are particularly severe. Another recent 
development cited is a suitable and safe 
alloy steel tubing for steam power plants 
Still another recent field of development, 
Dr. Grossmann and Mr. Hodge concluded, 
is in steels which retain their toughness a‘ 
very low temperatures. 
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STAINLESS "“Low7emp” EUTECTRODES for stainless steels 


These amazing Stainless “LowTemp’’ EUTECTRODES 
cated with a specially developed flux, magically surface 
alloy the molten drops of weld metal to the base metal — 
st lower base metal temperatures! 


This remarkable development avoids deep penetration 
into the base metal, and the ill-effects that result from 
arge over-heated areas — which are characteristic of 
ordinary, high heat welding methods. 


EUTECTIC Stainless ‘“‘LowTemp” EUTECTRODES possess 
sll the beneficial qualities of stainless steel, including ex- 
eptional resistance to corrosion and oxidation. Smooth, 
neat deposits are easily obtained at exceptionally high 
peed, with no spattering, undercutting or overlapping. 


140 Field Engineers 
in all principal cities 
of the United States 
and Canada to serve 
you. 


Stainless “LowTemp” EUTECTRODE 18/8 for stainiess 
steel, types 301, 302, 303, 304, 308, 321, 347. Contains 
columbium. For DC use. AC rods upon request. 


Stainless ‘“‘LowTemp" EUTECTRODE 25/12 for stainless 
steel type 309, and stainless clad steel. For DC use. AC 
rod upon request. 


Stainless “‘LowTemp” EUTECTRODE 25/20 for stainless 
steel type 310. For AC-DC use. 


EUTECTIC ‘“‘LowTemp"’ EUTECTRODES | 


are new types of metal arc welding electrodes which— 
1. Weld at lower base metal temperatures. 2. Deposit 
welds at exceptionally high rates of speed. 3. Form welds 
equal to or better than base metal. 


40 WORTH STREET 
PLEASE SEND DETAILS OF “LowTemp™ EUTECTRODES FOR Dept. W5.12 
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SUPPORTING COMPANY 


Roy Smith Co., 5257 Trumbull Ave., 
Detroit, Mich., welding equipment dis- 
tributors, has been established in De- 
troit since 1924. Hobart arc-welding 
machines and suppliés cohstitute the prin- 
cipal products sold and serviced by this 
concern throughout Detroit and eastern 
Michigan. They also represent Motor 
Generator Corp., a division of Hobart 
Brothers Co., and the Black Arrow line 
of gas welding and cutting apparatus. 


ELECTRIC WELDING DEMONSTRATES 
ITS STRENGTH AT BIKINI 


By A. F. Davis* 


Operations Crossroads has demon- 
strated important facts to industry as well 
as to the armed services concerning the art 
of joining metal to metal, one of our most 
important industrial activities. In evi- 
dence, The Lincoln Electric Co., Cleve- 
land, Ohio, cited a recent analysis of the 
underwater test at Bikini in the New York 
Times, which stated: 

“Future ships will probably be welded, 
as opposed to riveted construction, since 
this enables a ship to take the shock of 
underwater explosion with less damage.” 

The Times article, by Hanson W. Bald- 
win, discussed the extensive underwater 


ane Lincoln Electric Co., Cleveland, 
io. 


damage to the older cruisers comfipared to 
the light damage to the light-aircraft 
carrier ‘‘Independence’” below-decks 
in forecasting welded ship construction 
for the future. 

The emphasis on electric welded ships 
during the war was placed largely on the 
building speed and economy possible by 
this method, although those who sailed on 
the welded ships were well aware of the 
extra safety factor. These ships made a 
remarkable record in their ability to with- 
stand the violent impact of torpedoes, 
bombs and shells and, in so doing, largely 
foretold the results of the tests at Bikini. 

In evaluating these welded ships against 
the outmoded vessels of the riveted type, 
Admiral Emory S. Land, Chairman of the 
Maritime Commission, had this to say: 
“Every time a riveted ship goes into dock, 
you have a lot of repairs to do. You do 
not have them in welded ships. You do 
not have leakages. You do not have 
openings in your hulls with dozens and 
dozens of leaks, nor do you have to redrive 
rivets. Even if we have these fractured 
plates, it is not a handful compared with 
the casualties that go in riveted ships every 
time they go in for voyage repairs, some- 
thing that everybody else seems to have 
forgotten. 

“On combat damage, comparing Lib- 
erty ships and others, everything is all in 
favor of the Liberty ships. A lot of them 
have broken into sections due to combat 
damage; in Liberty ships, the percentage 
is entirely in favor of the Liberty because 
the riveted ships are apt to go to the bot- 


Torpedoed Twice, the Liberty Ship “Anne Hutchinson’ Remained Afloat, Thanks to 
Welded Construction (Top) 


Salvage of the “E. H. Blum” Was Possible Because of Rigid Welded Construction. 
The Damaged Stern Was Cut Away and the Ship Was Towed to Port for Repairs 
(Lower Right) 


A Gaping Hole Amidship Failed to Sink This 18,000-Ton Tanker of Sturdy Welded 
Construction (Lower Left) 
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tom when they are bombed or mine: of 
torpedoed. It is truly remarkable he 
Salvage we have obtained from these 
Liberty ships in combat damage. Never 
mind about the fractures or cracks— they 
get into port.” 

The famous aircraft carrier “Franklin” 
was able to return to an American base 
after undergoing savage attack to a degree 
that no warship before had been able to 
take without sinking. All stress parts of 
this rugged ship were welded. The rec. 
ords of Liberty ships such as the “Patrick 
Henry,” first to go into active service, and 
the ‘“‘Anne Hutchinson,’’ which refused to 
sink after being torpedoed twice, further 
attest the “‘shock-resistance” of welded 
ships. 

The wartime record of welded ships led 
the special committee investigating the 
National Defense Program to report, “‘The 
most material departure from the method 
of construction of the original ship was in 
the use of electric welding instead of rivet- 
ing. The adoption of assembly-line 
methods and extensive prefabricating of 
parts also made possible the construction 
of a greater number of ships than had ever 
before been contemplated.” 

The postwar tests at Operations Cross- 
roads will add to the valuable engineering 
data on electric arc welding and will accel- 
erate the present definite trend to arc weld- 
ing of structural steel buildings, the wider 
application of welding to piping, especially 
in plumbing for homes, and an even greater 
application of arc welding in the metal- 
working industries where it is extensively 
used at present. 


ARC-WELDED STAINLESS STEEL 
EXHAUST STACK 


These twin, 80-ft. exhaust stacks are 
made of 18-8 stainless steel sheet. They 
were designed and fabricated for a dye 


(Photo courtesy Air Reduction Sales Co.) 


works where it was necessary to dissipate 
acid fumes. Stdinless steel, because of its 
excellent corrosion resisting qualities, 
proved ideal for the job. 

The stacks were constructed by first 
rolling the stainless steel sheets and weld- 
ing them longitudinally. Then the rolled 
sheets were welded into sections using 
Airco 19-9 stainless steel electrodes. 
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NEW PRODUCTS 


The Society assumes no responsibility 
for the validity of claims in this Section 


TRUNCATED CONE-TYPE 
SPOT-WELDING ELECTRODES 


A complete new line of standard trun- 
cated cone-type spot-welding electrodes 
has been added to their standard electrode 
line by P. R. Mallory & Co., Inc., Indi- 
anapolis 6, Ind. 


Truncated Cone Type Spot Welding 
Electrode 


Extensive tests have indicated that the 
truncated cone type of electrode possesses 
the ideal contour for all-round spot weld- 
ing. Heat generated in the electrode dur- 
ing welding is dissipated more rapidly and 
mushrooming: is reduced to a minimum. 
Restoration of the original contour is a 
simple, low-cost operation. 


Information about available stock sizes 
of this new type electrode, which conforms 
to AMERICAN WELDING Society Tentative 
Standards, is contained in Mallory Catalog 
M-400. 


SPRAYWELDER 


A new type of powder metalizing unit 
the Colmonoy Spraywelder, has just been 
announced by Wall Colmonoy Corp. of 
Detroit. 


The spraywelder was developed for use 
in conjunction with the Colmonoy Spray- 
weld Process. With this new unit it is 
possible to combine the advantages of both 
welding and metalizing procedure. The 
unit is operated in the first part of the 
process as a powdcr metalizing unit to 
apply a uniform overlay of the Colmonoy 
alloy. It is then used as a conventional 
welding torch to fuse this sprayed overlay 
to the base metal to obtain a fusion or 
molecular bond, identical to that obtained 
when the same alloy in rod form is applied 
by acetylene welding. 

The new unit is a marvel in simplicity 
and dependability. There are only two 
control valves, both of these being 
mounted on the gun itself. Once ad- 
justed, the powder flow may be stopped 
and started at will by pressing or releasing 
the trigger. The gun is light in weight 
and perfectly balanced. It may be hand 
operated, or held in a vise or with an at- 


tachment in the tool post of a lathe. Be- 
cause of its design, it may be easily oper- 
ated in all positions. 


While the unit was primarily designed 
for spraying Colmonoy alloys, it will 
handle other powdered compositions 
equally well. The price of the unit is very 
low, in comparison with its performance. 

The Spraywelder unit consists of the 
gun, all necessary hoses, with connections. 
The hopper for the powdered metal and 
the carburetor are combined in a single 
unit. In addition a panel to hold all the 
equipment is provided. Full information 
on this new unit may be obtained from 
Wall Colmonoy Corporation, 19345 John 
R, Detroit 3, Mich. 


SPOT , WELDER 


Banner Products Co. is announcing a 
new line of Bench-type spot welders, the 
first of which is a 1-kva. manually operated 
unit illustrated below. 


This welder is ideal for light-gage ma- 
terial, and is at present being used on such 
diverse applications as the welding of cop- 
per wire to Inconel strips on heating ele- 
ments, mild steel wire to mild steel strips 
on accordians, and mild steel wire frames 
for lamp shades. 


The frame is of high-strength cast 
aluminum designed to allow ample ventila- 
tion for the transformer. The latter is 
air cooled with a laminated copper sec- 
ondary of sufficient cross section to allow 
for high overflow capacity. Three ranges 
of heat regulation are supplied. 

The welder has a maximum stroke of 
1 in., and a throat depth of 3'/, in. It is 
supplied with a rugged foot pedal, and 
weights 40 Ib. 


1-Kva. Manuall ated Bench Type 
Wel 


elder 


CHAMPION C-30 ELECTRODE 


This is a new electrode developed es- 
pecially for the building up of worn sur- 
faces on shafting, pins and bushings. Ac- 
cording to the manufacturer, this electrode 
deposits metal of good wearing qualities 
that is readily machined. There are many 
applications in steel mills, railroads and 
shipyards where this type of electrode can 
be used to advantage, as it eliminates the 
necessity of dismantling the entire as. 
sembly to replace worn parts. The Cham- 
pion C-30 Electrode is easy to handle and 
makes sound welds which add long life to 
shafts, pins and bushings. For further 
information write to The Champion Rivet 
Co., Cleveland 5, Ohio. 


SILVER WELDING ALLOY 


The need for a welding alloy that will 
provide high strength welds on ferrous and 
nonferrous metals at a low melting point 
has been met by the Research Department 
of the Eutectic Welding Alloys Corp. 
Known as EutecRod 1801, this alloy is the 
latest addition to the line of ‘‘Low Tem- 
perature’ Welding Alloys produced by 
this company. 

Applied by the oxyacetylene torch, fur- 
nace or high-frequency induction heating 
equipment, it bonds at base metal tempera- 
tures of 940-1120° F., and melts at 1143° 
F. This low-melting temperature makes 
it possible to produce superior welded 
joints at new low costs. At this tempera- 
ture, it will flow freely into close-fitting 
joints due to its extremely high capillary 
action. In addition, weld deposits will 
have a shear strength of 120,000 psi., good 
corrosion resistance and good electrical 
conductivity. 

This welding rod is available in rod, 
wire, strip and powder form. It is used 
with a special, high-quality flux, Eutector 
Flux 1801. Further information on this 
amazing new welding rod can be received 
from the Eutectic Welding Alloys Corp., 
40 Worth St., New York 13, N. Y. 


AUTOMATIC ELECTRODES 


Supplementing the well-known Airco 
brand of manual electrodes, the Air Reduc- 
tion Sales Co. now introduces a group of 
automatic arc-welding wires and tapes. 
This new line embraces five knurled-type 
wires and five tapes all for flat position 
operation and all highly recommended for 
low cost, uniform, automatic welding. 
Their applications on the production line 
are many, ranging from thin gage sheet 
metal forms to boilers, axle housings, and 
torque tubes—to mention a few. 

All Airco wires and tapes have been sub- 
jected to extensive laboratory tests as wel! 
as practical ‘‘on the job” examinations. 
They are manufactured in several diam- 
eters and are designed to meet the general 
requirements of high-speed production 
welding. These automatic wires may be 
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@Fire-fighting ladders of low-alloy steel are now being 
spot-welded by a new method at the American-La France- 
Foamite Corporation, Elmira, N. Y. The welding machines 
are equipped with G-E synchronous electronic control 
and a new G-E tempering attachment. 


HEAT TREATING ELIMINATES BRITTLENESS 


To meet exacting strength requirements, these light- 
weight ladders must have tough, ductile welds. Such welds 
cannot be made in air-hardenable steel by normal methods 
because chilling effects of the water-cooled electrodes would 
cause the weld nugget to be brittle. And the weld, as a 
result, would be weak. 

Use of the tempering attachment, by which the work is 
heat treated without removing it from the welding machine, 
makes possible consistently strong welds. 


HOW IT’S DONE 


The weld is made in the normal manner. When its tem- 
perature has dropped to approximately 200 to 300 degrees 
above room temperature, current is passed through again. 
Adjustment of this current, which differs in both time and 
magnitude from that used in the welding, is provided by 
the tempering attachment. 

The additional heating, or tempering, materially in- 
creases the toughness and ductility of the weld. 


FOR ADDITIONAL FACTS 


Wherever medium-car- 
bon, low-alloy, or high- 
alloy steels must be joined, 
spot welders with G-E 
tempering control will give 
a product of maximum 
strength. For further de- 
tails about this control, get 
in touch with your resist- 
ance-welder manufacturer 
or our nearest office. Ask 
for our Bulletin GEA-4201. 
Apparatus Dept., General 
Electric Company, 
Schenectady 5, N. Y. 


In this strength test, the American- 
La France-Foamite 100-foot, all-steel 
fire-fighting ladder supports weights 
totalling 3,200 pounds at an angle 
of 60 degrees. 


ADVERTISING 


Ladder sections are welded on this 
specially designed welding machine, 
which is suspended from an over- 
head monorail and moves the 
length of the ladder side rail. 
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used separately or in conjunction with the 
tapes depending upon the job to be per- 
formed. 

For further information on this group of 
products, please direct your inquiry to Air 
Reduction Sales Co., 60 East 42nd St., 
New York 17, N. Y., or to any local Airco 
office. 


SPECTI-GOGGLES 


With eight basic spectacle-type goggle 
designs Eastern Equipment Co., Willow 
Grove, Pa., are able to offer over five hun- 
dred different lens, sideshield and frame 
combinations. Enough to cover any in- 
dustrial grinding, chipping, welding or 
similar hazard. A unique price list en- 
ables any buyer easily to determine the 
type and price of any goggle he requires. 

Copies may be obtained by addressing 
the company. 


- PREHEATING OF WELDED TUBES 
LOWERS RAW MATERIAL AND 
PRODUCTION COSTS 


By preheating formed strip under a line 
of Selas Superheat b:urners tubing is made 
now from hot-rolled instead of cold-rolled 
stock and an expensive edge trimming op- 
eration is eliminated. A substantial re- 
duction in welding cost is also realized. 

Designed for a production line speed of 
more than 100 ft. per minute, the burners 
receive formed stock directly from the 
forming rollers, heat it to 2000° F. and 
discharge to the welder. The equipment 
consists of 20 burners with manifolding 
and frame construction, a gas-air com- 
bustion controller, Flo-scopes and safety 
equipment. The cost is quickly returned 
_ by actual savings. 

This is another exainple of cost reduc- 
tion through Selas engineered heat-process 
improvement. The pioneering experience 
of the Selas Corporation of America, Phila- 


delphia 34, Pa., in production-line heat- 
ing can be usefully applied to many other 
heating problems. 


HARD FACING A.-C. ELECTRODE 


High-carbon electrodes for building up 
worn steel parts by welding with low- 
voltage a.-c. transformers, as well as d.-c., 
are announced by The Lincoln Electric 
Co., Cleveland, Ohio. 


The new electrodes are designated as 
“‘Hardweld 50 A. C.” and “Hardweld 100 
A. C.”’ to differentiate between ‘“‘Hardweld 
100” and “‘Hardweld 50,” which operate 
only on direct current. They open a new 
field in the application of a.-c. welders to 
produce a dense, tough surface of moderate 
hardness to resist shock and abrasion. 


The new electrodes, which have a heav- 
ily extruded shielded-arc-type coating, 
produce flat, smooth beads and the de- 
posits can be hot-forged. 


“‘Hardweld 100 A. C.” has a hardness of 
deposit on straight carbon steel when 
allowed to cool naturally to 20 to 45 Rock- 
well C. The exact hardness depends upon 
rate of cooling and carbon content of the 
steel welded. ‘‘Hardweld 50 A. C.” on 
straight carbon steel has a hardness of 20 
to 35 Rockwell C. Deposits may be fur- 
ther hardened by water quenching from 
approximately 1500° F. or by flame hard- 
ening. 

. The sizes and current ranges, either a. c. 
or d. c., for ““Hardweld 100 A. C.” are: 
‘/s in., range 70 to 110; °/s2 in., 105 to 
170; */1¢ in., 145 to 230 and '/, in., 215 to 
350. The primary color is brown and 
secondary color is blue, under the 
N.E.M.A. color code. 


There are two sizes of ‘““Hardweld 50 
A. C.,” */i¢ in. and '/, in. with the same 
current range for each size as ‘““Hardweld 
100 A. C.” The primary color is brown 


and there is no secondary color. 


JEEP WELDER 


This welding generator is mounted jy 
the Jeep Auto and driven by “V” belts 
from the power take-off, with governor 
speed control. Due to the flexibility, this 
unit is extremely useful for Industria] 
plants, airports, shipyards, railroads, pub- 
lic utilities, oil fields, structural steel, pipe- 
line contractors, job welders, etc. For 
further information® write Welding Engi- 
neering Co., 264 E. Ogden Ave., Milwaukee 
2, Wis. 


TYPE SPOT AND PROJECTION 
WELDERS 


Carrying out the same styling which has 
featured their rocker arm spot welder, 
Precision Welder and Machine Co. of Cin- 
cinnati, Ohio, announces the new Type 
AVA, Air Vertical Action Spot and Pro- 
jection. Welders. These. press type weld- 
ers are made in four standard sizes cover- 
ing the range from 30 to 500 kva, and 
pressure to a maximum of 18,000 Ib. 


Among the features are: 


1. Machine is constructed and styled 
in the machine tool manner in- 
cluding unit assemblies, simpli- 
fied installation and complete 
accessibility of the interior. 

2. Honed brass air cylinders with cush- 
ion and universal connection to 
ram. 

3. Fabricated steel frame, sides plain 
and unobstructed, with overhang 
arm integral for accuracy and 
rigidity. 

4. Extra long ram with “V” ways fully 
contained in gibs and shrounded 
at top from dirt. 

5. Gibs adjustable for wear providing 
full-length lubrication and fitted 
with machine tool technique. 
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offers 2 outstanding advantages... 


@ The simple yet unusually accurate operating principle or 
of this timing relay is based on the interval required to 
transfer a small volume of filtered air from chamber (A) 
through regulated orifice (B) to chamber (C). 

A husky operating magnet supplies mechanical oper- 
ating power. Contact actuating member (D) receives j 1 
constant force from spring (E) so that timing is inde- 
pendent of voltage variation. Check valve (F) permits 
instantaneous resetting. Turning knurled adjusting wheel 
(G) positions tapered pin (H) to determine amount of 
resiriction in regulated orifice. 

All operating parts are instantly accessible. Inspec- 
tion or maintenance .operations require only screw- 
driver and pliers. Parts subject to wear are hardened 
and bearings are oil-less. Magnet coils can be exchanged 
without disturbing calibration. ; 

At left—simplest of the SAFRONT weld element, decreasing spoilage and improv- 
timers, the Type TBS-1 controls the dura- ing weld quality. e Other types of SAFRONT 
tion of welder current flow and is widely timers use up to six of the basic timing re- 
used on foot-operated welders. Moderniza- lays, providing completely automatic con- 
tion of existing installations, using the trol of both pressure and power cycles on 
TBS-1 timer and a HIGH SPEED or SYNCRO. an air-operated welder. Controls are avail- 
BREAK contactor will eliminate the human able for both spot and pulsation welding. 
Wrile tor Class 8991 Safront Bulletin 
DETROIT MILWAUKEE LOS ANGELES : 
ADVERTISING 


roi easy df 
if 
t+) 
1g 


FLAME-CUTTING OF 
STAINLESS STEEL 


Ever-conscious of the possible merits of 
new methods and processes Dominion 
Bridge Co. recently incorporated a revo- 
lutionary flame-cutting system into its 
stainless steel production. 


Economical quality cuts in stainless steel 
by ordinary oxyacetylene burning methods 
are impossible, due to the formation of 
chromic oxides whose melting tempera- 
tures are much higher than that of the 
parent metal, and the cutting action re- 
duces itself to a slow melting away of the 
material. 


The new method consists of introducing 
a flux into the cutting oxygen stream at a 
predetermined rate. The action of this 
flux is simply to remove the oxides at a 
temperature comparable to those encoun- 
tered in the burning of mild steel, thus per- 
mitting quality cuts to be produced. 


This new system, developed by Air Re- 
duction Sales Co. and known as the flux- 
injection method, was first used in Cana- 
dian production at the Lachine plant of 
Dominion Bridge Co. during August of this 
year. The work consisted of buring 56-in. 
radius semicircles from '/,-in. thick type 
316 stainless. Burning was performed 
at the rate of 13 in. per minute to produce 
high quality cuts with but a small amount 
of loosely adhering slag. 


Investigations conducted by Dominion 
Bridge Research Dept. indicated that 
there was no change in physical character- 
istics and the stainless quality of the sta- 
bilized steel was affected to a depth of only 
a few thousandths of an inch from the 
burnt edge. Somewhat similar results 
are obtained in unstabilized steels through 
the use of supplementary equipment which 
reduced the ‘‘damaged”’ zone to a mini- 
mum. 

The savings in time and expense ob- 
tained through the use of this method as- 
sures it a welcome place in the fabrication 
of stainless steels. 


FLUSHING MOLTEN STEEL WITH 
INACTIVE GAS ENDS DISSOLVED 
GAS POROSITY 


Before and After: The specimen on the 
left shows the resultant pockets of porosity 
that may develop when dissolved hydrogen 
is not permitted to escape from steel while 
it is being cast. Such pockets can easily 
ruin an entire heat of steel. Application 
of a flushing process, developed by Air 
Reduction Sales Co. engineers, by which 
dry nitrogen or argon is bubbled through 
the metal eliminates the dissolved hydro- 
gen efficiently and at a reasonable cost. 
The specimen on the right clearly shows 
the results obtained when the Airco flush- 
ing process is used. 


/ 


op 


The only equipment needed is a supply 
of dry nitrogen or argon and a special tube 
with which to introduce the gas in the 
form of small bubbles. It is anticipated 
that this new process will find wide use in 
foundries to minimize casting rejects 
caused by porosity. 


EUTECTRODES FOR STAINLESS STEEL 
ARC WELDING 


A.C.-D.C. metal arc welding on stainless 
steel can be performed at lower base metal 
temperatures with the new flux-coated 
metal arc electrodes now in production by 
Eutectic Welding Alloys Corp. Weld de- 
posits made at a fast deposition rate have 
characteristics equal to or better than the 
stainless steel base metal including high 
resistance to corrosion and oxidation. Ap- 
plication at lower base metal temperature 
minimizes the ill effects of welding heat on 
the corrosion resistance and physical prop- 
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erties of the base metal. The following 
electrodes are now in production in al] 
popular sizes from *#/g-in. to di- 
ameter. Stainless “LowTemp” Eutec-. 
Trode 18/8 for the welding of stainless 
steel types 301, 302, 303, 304, 308, 321 and 
347. Stainless “LowTemp” EutecTrode 
25/12 for the welding of stainless steel type 
309, and for the welding of stainless clad 
steels. Stainless “LowTemp”  Eutec- 
Trode 25/20 for the welding of stainless 
steel type 310, and high-strength, low- 
alloy steels. 


CUTTING CIRCLES 


Burning circles or intricate shapes in 
plate used to be slow, laborious and un- 
satisfactory work until inventive genius 
came to the rescue. This ingenious and 
precision tool, known as the Flash Circle 
Burner, was developed to eliminate hand 
cutting. Used as an attachment for any 
flame-cutting torch, the Flash cuts accu- 
rate circles, curves or straight lines. Stream 
lined for quick and simple height and radius 
adjustment, it is proficient in any position 
—vertical or horizontal. A ball-bearing 
rotary head insures easy, free-running 
operation, either clockwise or counter- 
clockwise. The head is shielded for pro- 
tection from slag or heat. A square radius 


bar prevents twisting or clocking, and 
burning torch is always parallel to center- 
ing pin to insure an even, perpendicular 
cut. To prevent gumming or sticking 
when exposed to flame, the tracking wheel 
is heat treated. By means of an adapter, 
the tracking wheel may be set at a distance 
behind the head to allow circle burning to 
the edge of the plate. The Flash Circle 
Burner is a product of Scientific Research, 
1618 N. Vancouver Ave., Portland, Oregon. 


MODEL 60 REED TURNING ROLLS 


The Model 60 Turning Rolls consists of 
two separate units, independently 
mounted, one of which is the power unit and 
the other an idler unit. These units can be 
used to a great advantage for power rota- 
tion on either manual or automatic weld- 
ing of tanks and other cylindrical shapes. 
The power unit is built with a variable 
speed drive which will give perfect welding 
speeds for any type of welding on any 
kind or thickness of material. Both 
power and idler units are quickly adjusted 
for any required diameter. 

Although largely used for automatic 
welding, these units will soon pay their in- 
itial cost on the reduced labor resulting 
from manual welding alone. Many shops 
have found that the constant, even rate of 
rotation which can be selected by the turn 


(Continued on page 1248) 
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JUST “DRAG” THE 
ELECTRODE 


Welding is easier with “FW". No 
are gop to worry about. Elec- 
trode actually “rides” on its coat- 
ing. Fatigue is reduced. Oper- 
ators weld better and faster. 


FAST FREEZING 
Poor fit-ups are no problem with 
“FW". its fast freezing means 
better results. You get fine con- 
cave fillets—smooth appearance. 


OUT-OF =POSITION 
WELDING 

Although “FW" is a downhand 
electrode, it can also be used for 
out-of-position welding by ex- 
perienced operators. This saves 
more time—is another reason 
for its wide acceptance. 


GOOD APPEARANCE 


You get smooth, uniform welds 
with “FW” — even over irregu- 
lar and poor-fit joints. It's the 
ideal electrode for machine bases, 
farm and road machinery, struc- 
tural work, etc. 


CALL YOUR P&H REPRESENTATIVE 


P&H makes a production-proved electrode for every weld- 
ing reqvi-ement: for all mild, alloy and stainless steel ap- 
plications cast iron and for building up and hard surfacing. 


WELDING 
ELECTRODES 


4551 W. National Ave. 
Milwaukee 14, Wisconsin 


MIS 


P&H ELECTRODES FOR EVERY REQUIREMENT 


Whatever your welding needs, you can ch the ct 
types and sizes from the complete P&H line. Above are 
shown a few of the P&H mild steel group. A complete line 
for welding stainless and alloy steels, os well as for hard 
surfacing, Is also available. 


AMERICA'S MOST COMPLETE WELDING SERVICE 
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(Continued from page 1244) 


of a dial produces better welds at faster 
welding speeds, resulting in more finished 
vessels per man hour. 

The capacity of the standard unit, con- 
sisting of one power and one idler unit, is 
6000 Ib. Where additional capacity is 
required, extra idler units can be purchased, 
each of which has an additional capacity 
of 3000 Ib. The all-steel construction of 
these units results in extreme rigidity com- 
bined with light weight, permitting the 
movement of either unit about the shop as 
conditions require. 

These units are equipped with rubber- 
tired wheels as standard equipment. Solid 
steel or cast-iron wheels can be furnished 
on special orrier. 

Standard equipment also includes re- 
versing switch and 20 ft. of flexible rubber- 
covered cord completely wired with motor 
for 220/440/3 phase/60 cycle. For fur- 
ther information write to Reed Engineer- 
ng Co., Webb City, Mo. 


MACHINE PROTECTS WORKMEN 


welding machine, one of a battery recently 
installed by Fruehauf Trailer Co. for mul- 
tiple spot welding of all-metal door frames 


Safety is a feature of this new automatic - 


Turning Rolls for Welding Pressure Vessels 


To start the machine, each operator must 
raise his hands and press two starting but- 
tons simultaneously. This. precaution 
guards against the possibility of either man 
having his hands in the machine when it 
starts operation. 


HIGH-TEMPERATURE WELDING 


Operator arc welds the tungsten filament 
to its tungsten supports on a VT90 trans- 
mitting tube at the Brooklyn nlant of Am- 
perex Electronic Corp. 


This work is done in a bell jar filled with 
forming gas which prevents oxidation of 
the metal. Heat and light generated by 
the arc are intense so operator must wear 
dark glasses during the process. Two 
spotlights at the sides of the bell jar pro- 
vide visibility for striking the are. The 
VT90 is an ultra high frequency tube de- 
signed during the war for Radar. 
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OXYGEN AND ACETYLENE PLANT 


Gil V. Dye and associates have formed 
a $100,000 corporation in Houston, Texas, 
to manufacture oxygen and acetylene 
The plant is under way and will be pro- 
ducing both oxygen and acetylene in abou; 
forty-five days. The company is named 
the Independent Oxygen Co. and the fol- 
lowing are officers of the corporation: (Gj 
V. Dye, President; Guy Graham, Vice. 
President; P. W. McVey, Secretary and 
Treasurer. 

Mr. Dye is also owner of the Dye Weld- 
ing Supply Co. of Houston, Texas, which 
has been in business for the past nine years, 
distributing welding equipment and sup- 
plies. 


“JACK POSTS’ MADE FROM WELDED 
STEEL TUBING 


Alliance, Ohio, Nov. 19.—An easily 
adjustable steel prop, commonly known 
as a “jack post’’ and marketed under 
various trade names, is making a con- 
siderable contribution to the housing 
situation by prolonging the lives of old 
buildings and speeding up repairs. Al- 
ready The Babcock & Wilcox Tube Com- 
pany, which furnishes the welded steel 
tubing for many of these posts, has pro- 
vided manufacturers with enough tubing 
to make approximately a quarter of a 
million jack posts, the company announced 
here today. 

Each post consists of two tubes, one 
of which fits inside the other. The post 
can be extended to the desired height 
like a telescope and retained at that 
height by steel pins passing through holes 
in each tube. A jack attachment on one 
end allows for fine adjustments. 

When buildings begin to get out of 
alignment and floors start to sag as a 
result of seasonal changes in foundation, 
dry rot, or termites, jack posts can be 
placed in the cellar to give added support 
at strategic points. 

Jack posts are also used in constructing 
new houses and as a preventive measure 
in factory buildings. They are often 
used to reinforce the area of a floor on 
which is placed a particularly heavy piece 
of machinery, such as a press. 


Employment 
Service Bulletin 


POSITION VACANT 
V-202 Wanted: Welding Engineer. 
Prominent Eastern machinery manufac- 
turer has opportunity for experienced and 
versatile man. Write giving experience 
and salary expected. All replies confiden- 
tial 


SERVICES AVAILABLE 


A-536. Combination Welder desires po- 
sition out of the country. Ten years’ experi- 
ence. Worked as Foreman on pipe lines and 
pipeshops. Also Maintenance Welder and 
Foreman for several large construction 
companies. 
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Wherever these electrodes 
are used low-cest, high- 
quailty welds result. This is 
the experience. of .every 
manufacturer who has put 
RACO Avteometic Electrode: 
to work. These electrodes 
ere highest. cvality — they 
erc unusually fast, and pro- 
duce welds thet are clean. 
strong and sound. Write 
today for complete data. 
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ACTIVITIES 


BOSTON % F 

The November meeting of thi§ Section 
was held at the Engineers’ Club, Boston, on 
the 4th. Dinner was served at 6:30 P.M. 
and the meeting was opened at 7:45 P.M. 
The speakers were F. W. Myers, Jr., 
Welding Engineer, Watertown Arsenal, 
and John F. Randall, Automotion Re- 
search Department, Engineering Labora- 
tory, Ford Motor Co. 

Mr. Myers discussed types of automatic 
and semi-automatic welding equipment 
developed in Germany to speed produc- 
tion during wartime, and the effect upon 
the welding industry in Germany caused 
by a shortage of welding engineers and 
trained personnel. Mr. Myers is a former 
Captain in the U.S. Army Transportation 


s. 

Mr. Randall spoke about electrodes and 
methods of welding high strength, heat- 
treatable steels,.as practiced in America 
and Germany. As Captain of Ordnance 
Dept., U. S. Army, Mr. Randall visited 
Europe in the spring and early summer of 
1945 on Technical Intelligence for the Ord- 
nance Dept. primarily with reference to 
German armor fabrication. 

Both speakers -used lantern slides to il- 
lustrate their talks. 


CHICAGO 


The October 18th meeting of the Chi- 
cago Section was one of the best meetings 
held in October in recent years. Guest 
speaker was Walter B. Meyer, John 
Nooter Boiler Works Co., St. Louis, who 
spoke on “‘Metallizing Around the World.” 

Mr. Meyer was one of two men selected 
by our government to install metallizing 
equipment afd instruct operators in the 
use of this equipment in the India-Burma- 
China and Italy war theaters. His pres- 
entation was am honest-to-goodness ad- 
venture saga telling of the gigantic task 
which confrontéd our Army in keeping 
motorized equipment running when re- 
placement parts were unavailable on the 
other side of the world. 

Premeeting entertainment was provided 
through a group of songs by the Chester- 
ton Sextette, a group of singing engineers 
working with the Crane Co. In addition, 
there were two travel movies. 

The Chicago Section is imaugurating 
plan of premeeting dinners again after 
having curtailed this feature during the 
war years. Those who are interested in 
joining in this fellowship meet at Burke’s 
Grille and Restaurant, 80 E. Jackson 
Blvd., at 6:00 P.M, 


CINCINNATI 


Regular meeting of the Cincinnati Sec- 
tion was held on October 22nd in the En- 


lustrated talk was presented by E. J. 
Wellauer, Supervisor of Research Metal- 
lurgy, Falk Corp., Milwaukee, on “Steel 
Castings, Their Use in Weldments.”’ 
Mr. Wellauer, one of the country’s out- 
standing welding engineers, directs the 
mechanical research and metallurgical ac- 
tivities of the Falk Corporation. 

Refreshments and eutertainment fol- 
lowed the meeting. 


CINCINNATI AND DAYTON 


One of the most interesting meetings of 
the year was held in Troy, Ohio, at the 
Hobart Brothers Co., for the Dayton and 
Cincinnati Sections, on Wednesday. even- 
ing, Octoher 23rd. - 

Hobart Brothers, one of the early mem- 
bers of the Society, marks the first in the 
Dayton Section to have plant visitation. 
Approximately 122 members and guests 
saw the plant producing arc-welding ma- 
chines and welding electrodes, as well as 
motor generator sets, electroplating sets, 
air compressors and battery charging 
equipment. Each department throughout 
the plant exhibited the various parts or 
assemblies processed in the department. 


Partial View of 122 Members and Guests 

of Dayton and Cincinnati Sections Attend- 

ing Meeting and Open House at Hobart 
Bros. Co., Troy, Ohio 


The evening’s activities began with a 
dinner meeting at 6:30, arranged by Wel- 
fare, Inc., an organization of Hobart em- 
ployees. Harold Martin, president of 
Welfare, Inc., opened»the meeting with a 
short weleome address and then introduced 


By A. Hobart, president of the company, 


who talked on “The Tremendous Strides 
Made by the Welding Industry.” Chair- 
man of the Welding Society meeting was 


Exhibit of Assemblies and Parts Incorpo- 
rated in Hobart 300 Ampere Electric Motor 
< Driven Welder 


1250 


Display of Electric Motor Driven D.C. and 
Transformer Type A.C. Welders in Show 
Room at the Close of ion Trip 


Al Mealey, chairman of the Dayton Sec- 
tion. He introduced Larry Sherman, 
chairman of the Cincinnati Section. 
Others at the speakers’ table were Ben 
Hausfeld, vice-president, and D. H. Rick- 
hard, secretary of the Dayton Section. 

The trip through the factory covered 
every department of the main office and 
manufacturing plant. The plant was in 
full operation and small groups were con- 
ducted by guides. Elaborate displays of 
various parts and assemblies brought out 
the numerous operations and processes 
necessary for production of arc-welding 
equipment. In the show room at the 
close of the inspection trip, a demonstra- 
tion of all equipment was made to show 
the various models of equipment and their 
uses. 


CLEVELAND 


The Cleveland Section heard a talk on 
one of the most important developments 
in the arc-welding industry when J. H. 
Humberstone, Vice-President, Arcrods 
Corp., spoke at the monthly meeting on 
November 13th. 

Speaking ‘on ‘“‘A New Field of Electrode 
Development,’”’” Mr. Humberstone dis- 
cussed the new type of electrode coating 
which eliminates hydrogen from the weld 
and fusion zone and makes possible the 
welding of materials; which until a few 
years ago were impossible to weld. 

As a “coffee talker” Robert Armstrong 
Fox, radio engineer with WGAR, spoke on 
his wartime experiences in the Amazon 
Jungle where he developed and set up a 
comprehensive conmnunications system 
between the air fields spotted throughout 
the tropical area. The title of his talk was 
“The Amazon River Rubber Develop- 
ment Radio Communications System.” 
It covered his experiences in Brazil, Peru, 
Bolivia and Venezuela. 

The Annual Educational Course of the 
Cleveland Section is now under way and 
will consist of six meetings to be held at 
John Huntington Polytechnic Institute on 
Monday evenings. Topics covered will be 
“Standard Types of Welds and Joints,” 
“A.W.S. Code Requirements for Design of 


_ Welded Machine Parts,” ‘Design of Build- 
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What... Remodel Iron Parte Already, Cast? 


Yes, right on the 
production line 
...with NI-ROD 


* the extra port. After inspection of both parts, the mani- 
Here’s an interesting Ni-Rod* case history ... nae proheoted to 450°F. 


It shows how easily Ni-Rod can simplify design 
changes and speed production. 


Grey iron manifolds like the one at the top became 
outmoded when an additional port was required. 


But; quickly and easily, Candler-Hill Corporation, 
of Detroit, remodeled the manifolds on hand, using 
Ni-Rod. 

Saving time, money and labor . .. this company cut 
a correctly located hole in each casting, then welded 

AFTER: Using a jig, the port was mounted at a 3° 


on a secondary port using an a.c. transformer-type A. wiht 
welder drawing 160 amperes. then completed the job. 


Since other rods gave less favorable results, Candler- 
Hill was particularly gratified with Ni-Rod: It speeded- 
up the proce$s, required less preheat and post heat, and 
the machinability of the weld allowed quick boring of 
the port. Position of ports was held within + 1°, and all 
other dimensions were held within + .003”. 


Try a 5-lb. package of Ni-Rod. Use it on a.c. or d.c., 
and see how easy it is to get strong, sound, machinable 
welds in cast iron. 


*Reg. U.S. Pat. Off. 


CLOSE-UP: A post heat fo 450°F., siag removal and 
THE INTERNATIONAL NICKEL COMPANY, INC. air cooling preceded the final step . . . boring of the 


67 Wall Street, New York 5, N. Y. ; port. Result: another success story for Ni-Rod. 


SEND FOR FREE 
INSTRUCTION BOOKLET 


DISTRIBUTED BY: 


WHITEHEAD METAL PRODUCTS CO., INC. STEEL SALES CORPORATION HENDRIE & BOLTHOFF MFG. & SUPPLY CO. 
Baltimore, Boston, Buffalo, Newark, Chicago, Detroit, Indianapolis, Milwaukee; Denver 
New York, Philadelphia, Syracuse Minneapolis, St. Louis ROBERT W. BARTRAM—Mortreal 
J. M. TULL METAL & SUPPLY CO. ALLOY METAL SALES, LTD.-—Toronto 
INC. Atlanta WILKINSON COMPANY, LTD. 
Columbus, 
Pittsburgh, Toledo METAL GOODS CORPORATION Vancouver 
Dallas, Houston, New Orleans, Tulsa METAL & THERMIT CORPORATION* 
PACIFIC METALS COMPANY, LTD. EAGLE METALS COMPANY HOLLUP CORPORATION* 
Los Angeles, San Francisco Portland, Seattle , NATIONAL CYLINDER GAS COMPANY* 


*Offices in principal cities 
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ings and Bridges’’ and ‘‘Sheet Metal Weld- 
ing.’’ Among the speakers have been and 
are J. T. Wolfenden, J. R. Stitt, James T. 
Lewis, Homer T. Borden, John Hellinger, 
all prominent in welding design and fabri- 
cation in this area. 


DETROIT 


A “‘Welding Can Be Fun”’ meeting was 
held on October 1ith at the Fort Shelby 
Hotel, Detroit. The program consisted of 
about thirty questions which were dis- 
tributed to the audience. They were 
given twenty minutes in which to mark the 
questionnaire True or False. The papers 
were numbered only, no names. After the 
collection of the papers, the chairman 
asked various members in the audience 
their viewpoints and if they voted True he 
would ask for one who voted against it. 
Three judges made the final decision. 
About 140 members and guests enjoyed 
this unusual program. 

The Fisher Body Corp showed two films 
on fishing, which were very interesting and 
enjoyed by all. 


HARTFORD 


Regular dinner meeting of this Section 
was held on Thurday, October 17th, at the 
City Club, Hartford. Dinner at 6:30 
P.M. was followed by meeting at 8:00 
P.M. George Bellew of the Air Reduction 
Sales Co., New York, spoke on the sub- 
ject, ‘‘Stainless Steel Cutting.’’ Mr. 
Bellew, a member of the American 
Foundrymen’s Association, has had a wide 
and varied metallurgical and chemical 
experience and is well qualified to discuss 
this most recent development in the weld- 
ing industry. 

The November dines meeting was held 
on the 15th, at the City Club. R. H. 
Thielemann, Development Metallurgist 
for Pratt & Whitney Aircraft, East Hart- 
ford, Conn., spoke on “Welding and the 
Gas Turbine.’’ Mr. Thielemann has had 
considerable experience with the develop- 
ment and application of stainless steels and 
heat-resisting alloys. As Development 
Metallurgist at Pratt & Whitney, he is 
actively concerned with the welding and 
metallurgical problems encountered in the 
development of gas turbine engines. 


INDIANA 


The October meeting of this Section was 
held on the 25th in the Y.M.C.A., Ander- 
son, Ind. A sound film, “This Is Re- 
sistance Welding,”’ was shown during the 
dinner and was very well received. Mr. 
Hirkam, of Sciaky Bros., Chicago, spoke 
on “New Developments in Resistance 
Welding.” Mr. Hirkam’s talk, which was 
exceptionally well received, was illustrated 
with slides. 


KANSAS CITY 


The following are the newly elected 
officers of the Kansas City, Mo., Section, 
for the 1946-47 season. 

Chairman, L. N. Williams; Vice-Chair- 
man, P. E. Miller; Secretary-Treasurer, 
W. J. Snider. Directors: A. C. Shiss, 
J. H. Hall, J. E. Dato, H. R. Austin, J. P. 
Kirk, D. Debrunner. Membership Chair- 
man, J. Viditto; Membership Co-Chairman, 


A. Anderson; Program Chairman, J. P. 
Kirk. 

At the meeting held on October 17th the 
speaker was Howard Simnis, District Vice- 
President of the Mid-Southern District of 
the A.W.S., and Metallurgist for Black, 
Sivalls & Bryson, Inc., of Oklahoma City, 
Okla. His subject was ‘‘Automatic Weld- 
ing’ and was accompanied by lantern 
slides. A very lively question and answer 
period was held on questions of heat effect 


and stresses which go with heavy construc- 


tions by welding. 
LEHIGH VALLEY 


The Lehigh Valley Section held its 
monthly meeting on Monday, November 
4th, at the Hotel Bethlehem, Bethlehem, 
Pa. 

The members and guests attending the 
dinner were given a very interesting talk 
by Prof. Harry Fretz of Lehigh University. 
Prof. Fretz spoke of the “Hope Blue 
Diamond,”’ its origin and the bad luck 
which has followed its numerous owners. 
Dr. Gilbert E. Doan, the Chairman, pre- 
sided at the dinner meeting. 

The main session was in charge of the 
technical chairman of the evening, H. O. 
Hill. Mr. Hill introduced the guest 
speaker, F. E. McAtee of the Chicago 
Bridge & Iron Co. Mr. McAtee spoke on 
“The Safety of Large Field Welded Pres- 
sure Vessels.”” He told about the inspec- 
tion methods and quality control during 
the construction of spheres, spheroids and 
blimps. He discussed some of the partial 
and complete failures which have been ex- 
perienced, and how information gathered 
at the site of these failures has helped 
further the methods used in construction, 
to insure greater safety of welded pressure 
vessels. 


LONG BEACH 


The second regular meeting of the Long 
Beach Section was held on October 18th in 
the Red Room of the Masonic Temple, 
Long Beach, Calif. 

Captain E. S. Carmick, Shop Superin- 
tendent of the Terminal Island Naval 
Shipyard, gave some of his experiences 
with, and his views of welding. Captain 
Carmick stated that welding played a large 
part in submarine development in this 
country, and was largely responsible for 
the United States replacing Germany as 
the number one world power in sub- 
marines. Welded submarines stood up 
well under all depth charges,.and proved 
more practical fot seagoing conditions 
leaving no telltale streaks on the water 
because of the tightness of the welded 
joints. Captain Carmick concluded his 
short talk by relating a few amusing ex- 
periences during the war. 

The principal speaker of the evening was 
Captain W. B. Holden, Industrial En- 
gineering Officer at the Terminal Island 
Naval Shipyard. Captain Holden’s talk, 
entitled ‘Fabrication of Low-Pressure 
Globe and Gate Valves,” wus illustrated 
with slides and very capably presented. 

Captain Holden reviewed the history of 
the fabricated valve. He declared that 
prior to the war, at the New York Ship- 
building Corp., he found very few steel 
castings which were completely sound. 
When he transferred to the Brooklyn Navy 
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Yard, Captain Holden started to study 
castings with the view toward changing 
their design to that of welded construction. 
The first attempt which proved successf | 
was an all-welded 8-inch gate valve. The 
second attempt was a 5-inch angle valve, 
which also proved a success. 

Captain Holden concluded his talk by 
showing slides on the various stages in the 
fabrication of the all-welded valve, the 
jigs and fixtures necessary for its manu- 
facture and also the applications of these 
valves on the ship. 


LOUISVILLE 


Dinner meeting of the Louisville Section 
was held in the Kentucky Hotel, on Tues- 
day, October 22nd. Coffee speaker was 
Ed Henken, local representative of Mis- 
souri, Kansas and Texas. Railroad. 
Speaker for the evening was R. A. Rupp, 
Regional Manager of Eutectic Welding 
Alloys Corp. Mr. Rupp’s subject was 

“‘Low Temperature Welding,” on which 
he is an authority. Mr. Rupp explained 
why certain alloyed welding rods can be 
better applied at base metal temperatures 
lower than the melting point of the weld- 
ing rod and result in good bond. 


MARYLAND 


The October meeting of the Maryland 
Section was held on the 18th at the Balti- 
more Engineers’ Club, at which a paper 
entitled ‘‘Flame Cutting—Flame Harden- 
ing and Welding on Railroads” was pre- 
sented by R. L. Rex of the Air Reduction 
Sales Co. This paper was illustrated by 
slides and a lively discussion followed the 
close of the address. 

The Maryland Section is now endeavor- 
ing to arouse sufficient interest locally to 
conduct another educational course in 
Welding Engineering similar to the very 
successful course held several years ago by 
the Maryland Section. Bela Ronay is 
chairman of the Educational Committee 
and would welcome any suggestions from 
persons interested in such a course. 


MICHIANA 


Walter B. Meyer presented very in- 
teresting talks on Metallizing and The 
Burma Ledo Roads, at the October 17th 
meeting held at the Y.M.C.A., South 
Bend, Ind. 


MILWAUKEE 


The regular meeting was held on Octo- 
ber 25th with about 200 in attendance. 
Anton Schaeffler of Arcos Corp. gave an 
interesting lecture on the metallurgical 
aspects of arc welding low-alloy high- 
tensile steel. A Get-Together Party to 
welcome new members was held Novem- 
ber lst with a good turnout. Entertain- 
ment followed by lunch combined with an 
ample supply of beer provided a satisfying 
evening. 


NEW JERSEY 


Dr. A. B. Kinzel, Vice-President, Elec- 
tro Metallurgical Co., New York, was the 
speaker at the September 17th meeting of 
the New Jersey Section. Dr. Kinzel’s 
topic was ‘“‘Welding Alloy Steels.” 


° 

Tt 
A 
3 
© 

ake 
oh 

: 

$ 

4 

1252 DECEMBER 


1946 


Here is the complete Spraywelder that unites welding and 
metalizing in the Colmonoy Sprayweld Process, and at a 
price you can afford to pay. 


Now you can apply hard-facing overlays, that are smooth, 
uniform, free from porosity, and more important are 
bonded to the base metal in exactly the same way as a 
welded overlay of the same hard-facing alloy. 


In the first phase of the Colmonoy Sprayweld Process, the 
Spraywelder is used to apply an overlay of the required 
thickness. In the second phase, this overlay is easily fused 


to the base metal, by an Acetylene welding torch, or the 
Spraywelder itself. 


By this process any contour may be followed, and the 
overlay held within thousands of the desired finished 
dimension. If the job is done correctly .012” may be con- 
sidered the maximum to be removed by grinding, for 
perfect finish, concentricity or straightness. 


WRITE 


For full information about the Spraywelder or the 
Sprayweld Process, write to 
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Dr. Kinzel opened his talk by outlining 
suitable welding methods and techniques 
for the repair of cast-alloy steels. In clos- 
ing, Dr. Kinzel mentioned that the tougher 
the material is to make, the tougher it is to 
weld. He did say, however, that so far it 
has been possible to weld any material that 
has been made commercially. 

The next meeting was held on October 
15th at the Essex House, Newark. 

During the dinner a film entitled “This 
Is Resistance Welding,’’ a recent release in 
color, was shown through the courtesy of 
the General Electric Co. The address of 
the evening was presented by Dr. Wendell 
F. Hess, Rensselaer Polytechnic Institute 
and President of the A.W.S. Dr. Hess’s 
topic was “Metallurgy of the Welding 
Processes.’” Dr. Hess’s knowledge and ex- 
perience cover seventeen years of teaching 
Metallurgical Engineering and kindred 
subjects, and establishing and conducting 
several of the major welding research pro- 
grams sponsored by industrial or govern- 
mental agencies. Dr. Hess presented a 
most instructive and interesting talk, illus- 
trated with slides, topped off with answers 
to questions. 

The November meeting held on the 
12th was, as usual, preceded by a dinner, 
during which a film, ‘Diesels Working on 
the Railroad,’’ a General Motors Corp. 
film, was shown. The address of the even- 
ing was presented by Arthur J. Raymo, 
Works Manufacturing Engineer, The 
Baldwin Locomotive Works, Philadelphia. 
Mr. Raymo’s topic was “Arc Welding as 
Applied to the Construction of Rail 
Transportation Equipment.’”’ Mr. Raymo 
discussed the application of welding in 
this important industrial field, dealing pri- 
marily with shop methods and practices. 


NEW ORLEANS 


The October 4th meeting was held at 
the St. Charles Hotel, preceded by dinner. 
The technical meeting was addressed by 
J. M. Tippett, The Linde Air Products 
Co., whose subject was ‘‘Heliarc Welding.” 
Following the meeting actual demonstra- 
tion of this process was carried out at the 
local trades school with all those attending 
the meeting participating in same. 


NEW YORK 


The regular October meeting of the 
New York Section was held on the 9th and 
was addressed by G. O. Hoglund, Welding 
Engineer, of the Aluminum Company of 
America. Mr. Hoglund spoke on “Weld- 
ing and Brazing Aluminum.” In his own 
inimitable way he described the problems 
encountered in such work and explained 
the accepted procedures for handling 
them. His talk was illustrated by slides 
and was accompanied by a motion picture. 
Mr. Hoglund’s talk aroused considerable 
interest and prompted many questions 
from the audience. 

About 300 members of the New York 
Section and their wives and guests en- 
joyed a special meeting on the subject of 
Atomic Energy. The meeting, held on 
October 30th, was addressed by Philip 
Swain, Chief Editor of the magazine 
Power. Mr. Swain was the accredited 
“‘Crossroads’’ press representative for the 
25 McGraw-Hill publications at the Bikini 
experiments. 


Mr. Swain explained in nontechnical 
terms and with the aid of slides the basic 
principles of atom splitting. He described 
briefly the methods of manufacturing 
plutonium and U235. In addition, Mr. 
Swain discussed the possible peacetime 
uses of atomic energy and hazarded 
guesses as to when the applications would 
become commercially feasible. He pointed 
out that radioactive chemicals are already 
being used as “tags’’ in the study of dis- 
eases. 

In reporting on the Bikini experiments, 
Mr. Swain described the elaborate prepa- 
rations that were made and gave his own 
impression of the results obtained. Follow- 
ing his discussion, a color sound motion 
picture of the actual tests was shown. 
The audience generally felt that this was 
one of the finest newsreels they had ever 
seen, 

Arrangements for the meeting were in 
charge of Charles Kandel. Publicity was 
in charge of E. H. Roper and Stanley 
Walters. 


NORTHWEST 


On Monday, October 2lst a dinner 
meeting was held at the Curtis Hotel, 
Minneapolis.- Warren Sykes, Chief Electri- 
cal Engineer of the Miller Electric Co., 
Appleton, Wis., discussed ‘Power Require- 
ments for A.-C. Welders.”’ 

The Section is finding that attendance at 
meetings is improving at each meeting by 
having a dinner meeting at 6:30. Ateach 
meeting throughout the year the Section 
will have a chairman appointed before the 
meeting to handle al] the details pertain- 
ing to the meeting. 

On October 14th, 15th and 16th, the Uni- 
versity of Minnesota held a Welding In- 
stitute, the first of its kind held by the 
unjversity, and the results were very 
gratifying. Various welding subjects were 
discussed by a number of individuals on 
each day. 


NORTHWESTERN PENNSYLVANIA 


Members of the Northwestern Pennsyl- 
vania Society of Engineers joined with the 
members of the Northwestern Section of 
the A.W.S., on Thursday, November 14th, 
to hear E. Raymond McClung, Jr., 
superintendent of Lukenweld,  Inc., 
Coatesville, Pa., discuss the subject, 
“Modern Machinery Welding Practice,” 
held at the Elks Club, Titusville, Pa. Mr. 
McClung is an authority on procedures, 
techniques, training and new develop- 
ments in welding and he presented an in- 
teresting, illustrated talk on the subject. 


PERORIA 


The regular monthly meeting of the 
Peoria Section was held on October 16th 
in the Jefferson Hotel. Harold Pollei 
spoke on ‘‘General Shop Practices,” whiclr 
was very well received. 


PHILADELPHIA 


The following is the program of meet- 

ings for the balance of the season. 
December 16—‘‘Modern Struc- 
tural Welding Design and Prac- 
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tice.”’ Speaker, H. W. Lawson, 
Ingalls Iron Works Co. 

January 20—Joint Meeting with 
Naval Architects. “Welding of 
Ship Propulsion Machinery.” 


Speaker, Franklin H. Pennell, De 
Laval Steam Turbine Co. 
February 17—"A.S.M.E. Code 
Welding” Speaker, A. C. Weigel, 
Combustion Engineering Co. 
March 17—‘‘Arc-Oxygen Cutting and 


Underwater Welding.” Speaker, 
Prof. C. D. Jensen, Lehigh Uni- 
versity. 

April 21—‘Weldability.”” Speaker, 


Dr. A. B. Kinzei, Union Carbide 
& Carbon Res. Labs, 

May 19—‘‘The Weld Stress Prob- 
lems.”” Speaker, Prof. J. Norton, 
Mass. Institute of Technology. 

October meeting held on the 2lst was 
addressed by G. W. Garman of the General 
Electric Co., who spoke on ‘“‘Develop- 
ments in Resistance Welding.”’ Slides and 
films were used to illustrate Mr. Garman’s 
talk; 150 members and guests were 
present. A film, “This Is Resistance Weld- 
ing,’”’ was also shown. 

The first Panel Discussion Group Meet- 
ing was held on Friday, October 4th, in the 
Engineers’ Club Junior Room. Subject was 
“Welding Stainless Sheet Steels by 
Acetylene, Inert Gas, Atomic Hydrogen 
and Metallic Arc Processes.”’ Panel of 
speakers was: A. N. Kugler of the Air Re- 
duction Sales Co., J. S. Douglass, Jr., of © 
The Linde Air Products Co., and A. F. 
DeLong of the E. G. Budd Mfg. Co. 

The Second Panel Discussion Group 
Meeting was held on Friday, November 
Ist. Subject was*‘‘Pipe Welding by the 
Pressure and Flash Welding Processes.” 
Panel of speakers: John Doering of J. S. 
Thorn Co., and R. O. Day of Norde De- 
velopment Division of The Linde Air 
Products Co. 


PITTSBURGH 


The Pittsburgh Section held its regular 
monthly meeting on October 16th at the 
Mellon Institute of Industrial Research. 
A. Clemens, Jr., of Arcrods Corp., Spar- 
rows Point, Md., spoke on “‘A New Field 
of Electrode Development.” Presentation 
developed interesting discussion and 
brought out many important points. 


PUGET SOUND 


Jimmy Giese of the Northwest Metalliz- 
ing Service, Seattle, spoke on the subject, 
‘‘Metallizing,” at the October 15th meet- 
ing held at the Engineers’ Club, Seattle. 
A factual presentation of Metallizing was 
given. Mr. Giese shared his well-rounded 
experience and “know-how” on this perti- 
nent subject. A new picture on the subject 
“Resistance Welding,’’ was also shown. 


ROCHESTER 


Regular dinner meeting of the Rochester 
Section was held on Thursday, Novem- 
ber 7th. Charles W. Briggs, Technical and 
Research Director, Steel Founders Society 
of America, presented a talk on “The 
Welding of Steel Castings.” The talk was 
illustrated by slides and covered three 
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TO WELD 


PROGRESSIVE 


DETROIT 12 
RESISTANCE WELDING EQUIPMENT 


1946 


TYPICAL JOB 


Assemble and join thin mild steel stampings and tube 


to resist torque, compression and shear. 


No distortion or surface marking permissible on tube. 


Total units required—50,000 
Production required—1200 per 8-hr. day 


JOB-RATING 
SPOT WELD 7 / / 7 
ARC WELD 2 2 
TORCH WELD 
SOLDER (TORCH) 2 
FURNACEBRAZING | 2 


List possible joining methods and controlling factors, 
as above. 
Rate the methods 1, 2, for each design factor. 
Select the best method. Check your design with this 
method in mind. 


ANALYSIS 


Watch resistance welding come up No. 1 on every 
count! This example shows over 70% savings for spot 
welding over the second best method, in labor costs 
alone. In addition, strength is “tops”. There is no dis- 
tortion. Output is far ahead of other methods. Only 
design factor involved is to make sure there is room on 
the sleeve for the spot welds. Your analysis may also 
show similar advantages for resistance welding in a 
vast majority of assembly problems. ‘Progressive’ ma- 
chines, such as the spot welder at left, prove that it pays 
to weld on job after job. 


For news of the latest developments in resist- 
ance welding equipment and methods, influencing 
product design, ask to be put on the mailing list 
for the Progressive “WELDING PICTORIAL”. 
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phases of the subject: the repair of steel 
castings by Welding; construction of 
parts by welding casting to casting; com- 
posite fabrication involving the welding of 
a steel casting to a forging or to a welded 
steel plate. A movie, ‘‘New Horizons in 
Welding,” was also shown. 


ST. LOUIS 


Approximately two hundred members 
were present on October 11th at the En- 
gineers’ Club Auditorium to hear Eric 
Seabloom’s excellent talk on ‘Welding of 
Alloy Steel Piping.” 


SAN FRANCISCO 


The first meeting of the 1946-47 season 
was held on September 23rd. The Section 
is making plans for the Western Metals 
Congress to be held in San Francisco dur- 
ing March of 1947. The Conference Com- 
mittee General Chairman is C. P. Sander 
of the Western Pipe & Steel Co. and Dis- 
trict Vice-President. 

The meeting was addressed by Profes- 
sor E. R. Parker, Assoc. Prof. of Physical 
Metallurgy at the University of California, 
on the subject, ‘‘Welds in Mild Steel Plate, 
Under Load.”’ Prof. Parker’s talk was re- 
ceived with considerable enthusiasm, as he 
pointed out many pertinent facts, revealed 
by his recent research, which were hereto- 
fore misconceived or entirely unknown. 

E. R. Proctor, Development Engineer, 
Menasco Mfg. Co., Burbank, addressed 
the October 28th meeting on the subject 
“Pressure Welding as Applied to Air- 
plane Landing Gear.”’ 


SOUTH TEXAS 

L. M. Dalcher, Technical Secretary of 
the A.W.S., was the guest speaker at the 
November 6th meeting held in the Cham- 
ber of Commerce Building, Houston. Mr. 
Dalcher’s subject, “A.W.S. and Your 
Welding Problem,” as well as a movie, 
“The Welding Arc,” were both very well 
received. Lively discussion followed. The 


information presented was something en- 
tirely new to many present. 


SYRACUSE 


A. N. Kugler of the Air Reduction Sales 
Co., presented an illustrated talk on “Jigs 
and Fixtures for Welding,” at the October 
9th meeting. A motion picture, “Un- 
usual Welding Applications,” was also 
shown. 


WASHINGTON, D. C. 


The following is the program of events 
for the remainder of the season. 
December 11—“Metallurgical Re- 


search,”’ Vice-Admiral Harold G. 
Bowen, Chief, Office of Research 
and Inventions. Joint Meeting 
with American Society for Metals. 
January 28—‘“The Use of Welding 
Processes in Railway Motor Power 
Equipment,” Arthur J. Raymo, 
Welding Supt., Baldwin Locomotive 
Works, Philadelphia. 
February 25—‘‘Oxyacetylene Weld- 
ing’’ Arthur N. Kugler, Mech. 
Eng., Air Reduction Sales Co., 
March 25—‘‘Multi-Arc and Re- 
sistance Welding of Aluminum 
Alloys,’’ C. Weston Steward, Re- 
search Engineer, Curtiss-Wright 
Research Lab., Buffalo. 
April 29—-Tenth Anniversary Dinner. 
The October 29th meeting held at the 
Potomac Electric Auditorium, was ad- 
dressed by J. H. Humberstone, Director of 
Research and Welding Eng., Arcrods 
Corp., Sparrows Point, Md. Mr. Hum- 
berstone’s illustrated talk was entitled 
““A New Field of Electrode Development.” 
The talk covered the effects of hydrogen on 
quality of welds, methods of controlling 
hydrogen and probable influence of these 
electrodes on fabrication methods and de- 
sign. 


WESTERN MASSACHUSETTS 


“Failure Encountered in Welded Struc- 
tures and How to Avoid Them”’ was the 
subject of E. J. Charlton’s talk at the 
October 8th meeting held at the Sheraton 
Hotel, Springfield, Mass. Mr. Charlton 
is connected with the Research and De- 
velopment Division of the Lukens Steei 
Co. An added feature was a coffee talk 
by M. Kalischer, Section Engineer, Tech- 
nical Section, Westinghouse Electric Corp., 
who presented a Low Temperature De- 
monstration. 

“Welding in Wartime Germany” was 
the general subject of the November 5th 
meeting. The first speaker was F. W. 
Myers of the Watertown Arsenal, whose 
subject was, “Welding Equipment and 
Trends in Wartime Germany;”’ the second 
speaker was J. Randall of the Ford Motor 
Co., Detroit, whose subject was ‘“‘Welding 
of High-Strength, Heat-Treated Steel in 
Wartime Germany.” 


WESTERN MICHIGAN 


Leslie S. McPhee, Welding Supervisor, 
Whiting Corp., Harvey, Ill., was the 
speaker at the October 28th meeting. 
Mr. McPhee’s subject was “Welding as It 
Affects Design.’”’ Because of his broad 
experience at the Whiting Corp., Mr. 
McPhee was able to present an exception- 
ally interesting talk. 


W. J. Edbrooke, Chief Engineer of the 
Haven-Busch Co., spoke on the subject, 
“Joint Design and Preparation for Stce] 
Construction” at the September 30th 
meeting. Mr. Edbrooke, a former Chair- 
man of the Section, has spent 35 years in 
the steel fabricating business and has a 
wealth of information on the subject. 


YORK-CENTRAL PENNSYLVANIA 


Officers for the 1946-47 season are as 
follows: Chairman, M. G. Sedam, Alloy 
Rods Co.; Secretary, W, H. Lackey, 
Lukens Steel Co.; Treasurer,C. W. Allen, 
A. B. Farquhar; Membership Committee 
Chairman, R. E. Anderson; Technica! 
Advisory Committee Chairman, R. K. Lee: 
Publicity Committee Chairman, W. C. 
Bauer; Program Committee Chairman, 
C. E. Lewis. Directors: Blair Buchanan, 
W. C. Bauer, Charles Duncan, A. B. Heil- 
man, L. H. Kemper, C.-E. Lewis Kerch- 
ner, Richard K. Lee, Paul Lang, W. W. 
Posey, M. E. Silberger, W. G. Theisinger. 

Meeting programs for the remainder of 
the season are as follows: 


December 4—Our own Technic 
Advisory Committee, ‘Design for 
Welding.” 


January 8—The Linde Air Products 
Co., “Cutting and Fabricating”’ 

February 5—Handy & Harman, 
“Silver Brazing.” 

March 5—Alloy Rods Co., ‘“‘Main- 
tenance, Repair and Composite 
Construction of Tools and Dies.” 

April 2—Annual Banquet. 

May 7—Plant Visitation. 

The November meeting was held on the 
6th in the Engineering Building, York. 
“A New Field of Electrode Development”’ 
was presented by Mr. E. B. Lutes, Weld- 
ing Engineer, Arcrods Corp. 


CANADIAN 


The first meeting of the 1946-47 season 
of the Montreal Chapter of the Canadian 
Welding Society was held on October 21st 
at McGill University. M. J. Waite, 
Welding Engineer, Aluminum Labora- 
tories, Ltd., Kingston, spoke on the sub- 
ject “Aluminum Welding and Brazing.” 

Dinner meeting of the Toronto Chapter 
was held on. November 4th. David Boyd, 
B.Se., Manager, General Engineering 
Division, John Inglis Company Ltd., spoke 
on “Fundamentals of Welded Design.” 

The second meeting of the 1946-7 
series of the Hamilton Chapter was held on 
November 11th at McMaster University. 
F. G. Kerry, Canadian Liquid Air Co. 
Ltd., Montreal spoke on ‘‘Oxyacetylene 
Welding and Cutting in Production 
Work.” 


List of New Mentbers 


BOSTON 


Jablonski, Stephen M. (B), Wyman Gor- 
don Co., Madison St., Worcester 1, 
Mass. 


October 1 to October 31, 1946 


Mill, William M. (C), Thomas Smith Co., 
288 Grove St., Worcester 5, Mass, 

Sudak, Nick (C), 471 Broadway, Lynn, 
Mass. 
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CANADA 


Vance, Donald (C), Farmers Welding 
Service, R. R. 2, Paris, Ont., Canada. 
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9 EXCLUSIVE FEATURES 


Three Models in One... converts quickly from 
spot to seam to pulsation-spot-seam timing. 

Power Factor Adjustment by simple patented 
method provides full control of desired maximum heat 
for any welding machine. 

Full Cycle Precision Timing translation control, and 
safe operation attained by new and novel methods. 
Controls Any Size Welder using A, B, C or D 
ignitrons. 

Simplified Electronic Circuiting uses minimum 
number of standard tubes and parts. 


Maintains Accuracy under all normal voltage vori- 
ations. 


Sliding Drawers housing basic components permit 
ready inspection, even in operation. 
Surge Supressors and control transformers built in. 


Control Settings Visible and Tamperproof. 
Plexiglass window permits door to be locked after 
control adjustment. 


The only Control that has inTERCHANGEABLE 
Spot, Seam and Universal Timers. 


This new 4-page Bulletin gives full, detailed information on the 
RAYTHEON Electronic Synchronous Welding Control... 
design, construction, special features, specifications and fully 
illustrated description of interchangeable timers and how they 
are used. Send for your copy today . . . mail the coupon below. 


RAYTHEON MANUFACTURING COMPANY 
industrial Electronics Division, Waltham 54, Massochusetts 
Builders of Raytherm Dielectric Heaters for every industrial 
application, Precipitators for electronic air cleaning, and other 
Electronic Products for Industry 
Sales Offices: Atlanta, Boston, Chicago, Cleveland 

Louisville, New York 


SEND ME YOUR NEW BULLETIN 


Raytheon Manufacturing Company 
Industrial Electronics Division, Waltham 54, Massachusetts 


Please send... .copies of Bulletin DL-S-508 to: 


For faster, more | 
gesis! anct WELDING | 
4 
send for this New 
illustrated Bulletin Fe only thal | 
seam yniversat Timers 
1946 NAME... 


CHATTANOOGA 


McElwee, James F., Jr. (C), General Elec. 
as 832 Georgia Ave., Chattanooga, 

enn. 

Von Schaaf, J. H. (C), Welding Gas Prods. 
Co., 21 E. 11th Chattanooga, 
Tenn. 

Wright, Clifton P. (C), Sanders Rd., Route 
4, Chattanooga 9, Tenn. 

Young, Bruce, Jr. (C), 614 Chestnut St., 
Chattanooga, Tenn. 


CHICAGO 


Arness, O. J. (B), 129 S. Parkside Ave., 
Chicago 44, Il. 

Barth, V. C. (B), Chicago & N.W.R.R. 
System, 4200 W. Kinzie St., Chicago 24, 

Derrer, Lloyd A. (C), 8131 S. Harvard 
Ave., Chicago 20, 

Ebert, Lloyd W. (C), 108 Gardena St., 
Michigan City, Ind. 

Hanau, Walter L. (B), 135 S. La Salle St., 
Chicago 3, III. 

Harris, Walter C. (C), C. E. Phillips & 
Co., 1145 E. 76th St., Chicago, Ill. 

Kolsky, Frank P. (C), 1342 S. 57th Court, 
Cicero 50, Til. 

Lueck, William T. (C), Route 1, Box 74, 
St. Charles, Ill. 

Manley, Neal S. (B), Westinghouse Elec. 
— 20 N. Wacker Dr., Chicago 6, 

Raney, Richard W. (C), 6336 N. Rockwell 
St., Chicago 45, Ill. 

Schueler, Edward J. (C), Schueler Bros. 
Welding & Mfg. Co., 1219 W. Lake St., 
Melrose Park, 

Schueler, John A. (B), Schueler Bros. 
Welding & Mfg. Co., 1219 W. Lake St., 
Melrose Park, II. 


CINCINNATI 


Duprey, Paul T. (B), 760 Greenwood Ave., 
Cincinnati, Ohio. 

Fischer, Al. D. (B), 4620 Este Ave., Cin- 
cinnati 32, Ohio. 

Rachford, Wallace (C), Newport Welding 
Co., 2nd & York St., Newport, Ky. 


CLEVELAND 


Alberts, Charles H. (C), Guarantee Auto 
Welding Co., 1528 E. 49th St., Cleve- 
land 3, Ohio. 

Austin, Byron B. (C), Weltronic Co., 402 
Swetland Blidg., Cleveland 15, Ohio. 
Morland, Kenneth D. (C), American 
Bureau of Shipping, Rm. 660 Rotke- 

feller Bldg., Cleveland, Ohio. 

Palmer, Lloyd R. (C), 1438 Grace Ave., 
Lakewood 7, Ohio. 

Singleton, Robert C. (B), Nelson Sales 
Corp., Toledo Ave. & E. 28th St., 
Lorain, Ohio. 

Sistek, J. P. (C), J. P. Tool & Die Weld- 
ing Co., 9615 Meech Ave., Cleveland. 


DAYTON 


Rohrbach, Theodore H. (B), Tube Prods. 
Corp., 320 N. Second St,, Tipp City, 
Ohio. 

Wagner, Pete (C), 3312 E. Second St., 
Dayton, Ohio. 


DENVER 


- Evans, E. H. (C), P. O. Box 5270, Den- 
ver, Colo. 

Watson, Everett G. (B), E. W. McCoy 
Co., 2 Santa Fe Dr., Denver, Colo. 


DETROIT 


Boucher, A. F. (B), Lincoln Elec. Co., 
10228 Woodward Ave., Detroit, Mich. 
Buckley, Charles F. (C), The Fidelity & 
Casualty of N. Y., 2300 National Bank 

Bidg., Detroit 26, Mich. 

Hutter, Harry R. (B), R. D. 3, Cortland, 
Ohio. 

Simon, R. E. (C), The Taylor-Winfield 
Corp., 2857 E. Grand Blvd., Detroit, 
Mich. 

Strobel, Lawrence A. (B), The Detroit 
Edison Co., 2000 Second Ave., Rm. 341, 
Detroit 26, Mich. 


HARTFORD 


Culbert, Charles B., Jr. (C), Arcos Corp., 
450 Asylum St., Hartford, Conn. 

Wallace, Frank J. (C), Pratt & Whitney 
Aircraft, Div. of United Aircraft Corp., 
East Hartford, Conn. 


INDIANA 


Justice, Thomas L. (C), 2306 Pitt St., 
Anderson, Ind. 

Lowe, Doug (C), 942 Berwyn St., In- 
dianapolis, Ind. 


KANSAS CITY 


Anderson, M. L. (B), Puritan Compressed 
Gas Corp., 2012 Grand Ave., Kansas 
City 8, Mo. 

Carr, Raymond W. (C), Fidelity & 
Casualty Co., 1111 Rialto Bldg., Kan- 
sas City 6, Mo. 

Faubion, R. L. (B), 2525 Southwest 
Blvd., Kansas City 8, Mo. 

Hohenschild, Walter J. (C), Welders 
Supply & Repair Co., 512 E. 18th St., 
Kansas City 8, Mo. 

Martin, E. W. (C), 3125 Kensington, 
Kansas City 3, Mo. 

Morgan, C. B. (C), 2102 W. 43rd St., 
Kansas City, Kan. 

Page, L. E. (C), Puritan Compressed 
Gas Corp., 2012 Grand Ave., Kansas 
City 8, Mo. 

Sise, C. J. (C), Puritan Compressed Gas 
Corp., 2012 Grand Ave., Kansas City 8, 
Mo. 


LONG BEACH 


Call, Ernest R. (C), Box 111, Compton, 
Calif. 

McEniry, M. K. (A), National Cylinder 
Gas Co., 4950 Santa Fe Ave., Los 
Angeles 11, Calif. 

Tullis, H. I. (A), 353 W. Pacific Coast 
Hwy., Long Beach 6, Calif. 

West, Frank L. (C), 6687 Olive Ave., 
Long Beach, Calif. 


LOS ANGELES 


Borel, Carl (C), 1237 S. Walnut, San 
Gabriel, Calif. 
Casady, Philip M. (C), Renfro Prods. Co., 
2417 E. Porter, Los Angeles 21, Calif. 
Danner, W. C. (C), General Elec Co., 
Eng. Div., 212 N. Vignes, Los Angeles 
54, Calif. 

Gates, H. Vern (C), 2123 De Adalena 
St., Rosemead, Calif. 
Harris, Richard D. (C), Renfro Prods. Co., 
2417 E. Porter, Los Angeles 21, Calif. 
Kirk, J. McDonald (C), Fidelity & 
Casualty Co., 548 S. Spring St., Los 
Angeles 13, Calif. 

Moses, Richard E. (C), 1101 Elm Ave., 
Long Beach 2, Calif. 


THE WELDING JOURNAL 


Murray, Girard (B), 318 N. Marifora 
Ave., Los Angeles 4, Calif. 
Wells, Martin (B), Martin Wells, = 
rey Compton Ave., Los Angeles 
li 


LOUISVILLE 


Mac Leod Donald (C), Fidelity & Cas. 
ualty 2028 Douglas Blvd., Louis- 


Salter’ (C), 1205 Wolfe Ave., Louis- 
ville, Ky. 


MAHONING VALLEY 


Gray, Albert Wesley (C), The Falcon 
Bronze Co., 218 S. Phelps St., Youngs- 
town, Ohio. 


MARYLAND 


Gulley, Joseph F. (C), T. A. Canty, Inc., 
1023 Cathedral St., Baltimore 1, Md. 
Mihelich, J. C. (B), Maryland Oxygen 

Co., 1700 S. Newkirk St., Baltimore 24, 


Md. 
Rushton, Fred N. (C), Bethlehem Steel 
Co., Sparrows Point 19, Md. 


MICHIANA 


Hutton, Harold (C), 403 E. Jefferson, 
Valparaiso, Ind. 

Richards, Harry F. (C), R. R. 3, Box 457, 
South Bend, Ind. 

Smith, Al A. (C), Dobbins Mfg. Co. 
700 Beardsley Ave., Elkhart, Ind. 


MILWAUKEE 


Tilley, Robert (C), Lucas-Milhaupt Engrg. 
Co., 5051S. Lake Dr., Cudahy, Wis. 


NEW JERSEY 


Engel, Thomas F. (B), 430 Verona Ave., 
Elizabeth, N. J. 

Frank, Jacob (B), A. Frank, Consulting 
Engineer, 2824 Blvd., Jersey City 6, 
N 


N. J. 
Strada, James R. (C), 431-54th 
West New York, N. J. 


NEW ORLEANS 


Ratcliff, Elvin M. (B), Ethyl Corp., Box 
341, Baton Rouge, La. 

Ryder, Frank C..(C), 1536 Felicity St., 
New Orleans, La. 


NEW YORK 


Beatty, Howard G. (C), 114-12—1 18th 
St., Ozone Park 16, N. Y. 

Giraldi, Manlius J. (C), American Bureau 
- Shipping, 45 Broad St., New York 4, 


Hara, “Wallace N. (C), 334 Madison St., 
New York 2, N. Y. 

Knorr, Theodore L. 
St., St. Albans, L. I., 

Ondra, Otakar (B), "2060 ‘Waldo Ave., 
Bronx 63, N. Y 

Stone, Fairheld. N. (C), Air Reduction 
Sales Co., 181 Pacific Ave., Jersey City. 
N. J. 


NORTHWEST 


Dunn, William H. (C), 3330 Irving Ave 
No., Minneapolis 12, Minn. 

Dyer, Harley E. (C), Arcade Welding 
Wks., 665 Vandalia St., St. Paul 4, 
Minn. 
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on Steel and Iron 


lr new surfaces must be made wear and 
corrosion resisting ...If worn or corroded sur- 
faces must be rebuilt... you can do the job 
right with Nickel Alloy overlays. 


INCO Nickel Alloy overlays on steel and iron 
parts can be divided into two common kinds. 

The first is usually found in chemical and proc- 
ess equipment where Monel*, ‘“K” Monel*, Nickel 
or Inconel* overlays are used to prevent corrosion. 
In general, these overlays are applied to flanges 
and nozzle faces, and are used with a separating 
gasket. 

The second kind is used on valve parts needing 
corrosion-resisting surfaces for their metal-to- 
metal contacts. 


For overlays that use gaskets, here are the steps: 


First, make sure the surface to be overlaid is clean. 
All oil, grease, oxide and dirt must be removed. 


Then, take a 1/8” 130X Monel or a 134 “K” 
Monel electrode and put down the first layer. Just 
make the amperage high enough to get the proper 
arcing. Smart operators use a fairly fast weave to 
cut down penetration of the Monel into the base 
metal. 


For the second and third layers, use 5/32” to 
1/4” electrodes. The size will depend upon the 
thickness of the base metal and the area to be 
covered. 


Naturally, any welder worth his spark will be 
sure to remove all slag before each pass. 


When you're applying overlays on valve parts, 
you want to make sure that no cracks occur. Cracks 
mean possible leaks! (With gasketed surfaces, of 
course, fine checks make no difference. The gasket 
will seal them.) 


For overlays on valve parts, here are the steps: 


Clean your surface. Then, put down the first layer 
with a 1/8” 131 Nickel electrode using 100 to 110 
amps. Make your weave fast and fairly wide. You 
want to limit penetration into the base metal. 

Once you've put down the first layer of Nickel, 
you're ready for the next layers of Monel, “K” 
Monel or Inconel. Put these on in the regular way, 
using an electrode of the right diameter for the 
job. Or, if you continue with Nickel, put them on 
just like the first layer. 


| How to put a 
NICKEL, MONEL and INCONEL OVERLAYS |, 


THE INTERNATIONAL NICKEL COMPANY, INC., 67 Wall Street, New York 5, N. Y. 


NICKEL ALLOYS MONEL* “K” MONEL* “KR” MONEL* “R” MONEL™ MONEL™ © INCONEL™ NICKEL + WICKEL* “2” NICKEL* 


ADVERTISING 


The 18” x 12” manholes on this chemical tower were faced 
with a two-layer weld of 130X Monel Electrode. 


Step-by-step photos show how cast steel valve plugs (Used 
in corrosive service) were made better than ever... 1. Cor- 
roded plug... 2. Plug machined down for the overlay... 3. 
Overlay built up with 130X Monel Electrode...4. Machined, 
ground and lapped plug ready for service again. 


Beads can be put on in any direction, but it’s 
better if they’re applied in the long direction of 
the overlay. Narrow, string beads are better than 
wide, weaving beads. 


Make each stringer overlay the previous bead 
by about 50 per cent. Peening of the overlays is 
not necessary. 


And, if you want to keep your friends in the 
machine shop, you'll be careful to put on enough 
metal (but not too much) to make machining easy. 


Some shops get a lot of overlay jobs. Some never 
get a one. A plant maintenance man, though, will 
find plenty of times when he can salvage worn or 
corroded iron and steel equipment, and make them 
even better than new with Nickel Alloy overlays. 


*Reg. U. 8. Pat. Off. 
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Jennings, Richard L. (C), 1124 Lane PI1., 
St. Paul 6, Minn. 

Larson, Roy G. (C), 1986 W. 7th St., 
St. Paul 5, Minn. 

Morgan, William H. (C), 3823 Blaisdell 
Ave., Minneapolis 8, Minn. 

Olsen, Sverre H. (C), 3200 Como Ave., 
S. E., Minneapolis 14, Minn. 

Sahly, Henry P. (B), National Cylinder 
Gas Co., Rt. 14, Minneapolis 6, Minn. 
Schwabe, Ray T. (C), Machinery & Welder 
Corp., 2440 2nd St., No., Minneapolis 

11, Minn. 

Simmons, R. O. (C), The Linde Air Prod- 
ucts Co., 827—2nd Ave., So., Minne- 
apolis 2, Minn. 

Vrooman, Otto J. (C), 3524 Edmund 
Blvd., Minneapolis 6, Minn. 


NORTHWESTERN PA. 


Allen, Robert D. (B), R. D. Allen Mfg. 
Representative, 235 Beverly Dr., Erie. 

Piotrowski, Charles C. (C), 515 E. 14th St., 
Erie, Pa. 

Raimy, Jack (C), Welders Supply Co., 
459 W. 4th St., Erie, Pa. 


PASCAGOULA 


Ballance, Millard F. (C), 906 E. Wilson 
Ave., Pascagoula, Miss. 

Drew, J. L. (C), 421 John Henry St., 
Pascagoula, Miss. 

Wei, Tung Sheng (C), Ingalls Ship- 
building Corp., Pascagoula, Miss. 


PEORIA 


McCreery, Lowell H. (C), 221 W. Vir- 
ginia, Peoria, 
Meyers, William J. (C), Eureka, Ill. 


PHILADELPHIA 


Bavaria, Albert T. (C), Lincoln Electric 
Co., 3938 Market St., Philadelphia 4. 

Johnson, G. Clifford (C), Sun Oil Co., 
Box 426, Marcus Hook, Pa. 

McMichael, Robert C. (C), 403 S. Church 
St., West Chester, Pa. 

Vars, Ethan W. (B), c/o Aldon Prods. 
Co., Duncannon, Pa. 


PITTSBURGH 
Reem John J. (C), 26 Ann St., Oakmont, 


a. 
McClatchey, Samuel J. (C), 214 Chestnut 
Rd., Edgeworth, Pa. 


PORTLAND, ORE. 


Adcock, Charles E. (B), 2684 N. W. 
26th St., Portland 10, Ore. 

Strech, Paul B. (B), Oregon Brass Wks. 
1127 S. E. 10th, Portland, Ore. 


PUGET SOUND 


Bennett, Robert Dean (C), 1219 E. 70th, 
Seattle 5, Wash. 

Crawford, L. M. (B), 508 Summit Ave. 
No., Seattle 2, Wash. 


ROCHESTER 


Miner, Emerson (C), Slocum Rd., N., 
Ontario, N. Y. 

Nichols, Omar A. (C), 177 Culver Rd., 
Rochester 7, N. Y. 

Studeman, C. J. (C), M. D. Knowlton 
Co., 28 Industrial St., Rochester, 


N. Y. 
Williams, John H. (C), 662 Monroe Ave., 
Rochester, N. Y. 
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SAN FRANCISCO 


Parker, Leonard S. (B), Crane Co., 
301 Brannan St., San Francisco 19. 

Seslar, Wavel J. (B), 1609 Elva St., 
Honolulu 10, T. H. 


SOUTH TEXAS 


Cogswell, Hal (B), Welders Supply Co., 
3301 Polk Ave., Houston, Tex. 


SYRACUSE 


Burkhard, Edmund (C), 103 Wendell 
Ave., Nedrow, N. Y. 

Congdon, O. F. (C), 907 Le Moyne Ave., 
Syracuse, N. Y. 

Hugabon, Clarence (C), 212 N. McBride 
St., Syracuse, N. Y. 

Hughes, Lewis (C), Smith & Caffrey 
Co., 2611 Lodi St., Syracuse, N. Y. 

Junod, Richard (C), R. F. D. 1, Baldwins- 
ville, N. Y. 

Kosloske, Andrew (C), 113 Catawba St., 
Syracuse, N. Y. 

Lassman, Clem (C), 101 N. Main St., 
N. Syracuse, N. Y. 

Leach, Kenneth (C), 549 Park Ave., 
Syracuse, N, Y. 

Maestri, John (C), 360 Pleasant Beech 
Rd., Syracuse, N. Y. 

McCollum, Bud (C), West Lake Rd., 
Cazenovia, N. Y. 

Monson, S. H., Jr. (C), 511 Durston Ave., 
Syracuse, N. Y. 

Morey, Jack E. (C), 413 Steuben St., 
Horseheads, N. Y. 

Robinson, Steve (C), W. Lake Rd., Caze- 
novia, N. Y. 

Rybak, John (C), 169 S. Edwards Ave., 
Syracuse, N. Y. 

Travers, Robert (C), 811 Grand Central 
Ave., Horseheads, N. Y. 

Welch, Robert (C), 280 Leon St., Syra- 
cuse, N. Y. 


WASHINGTON, D. C. 


Davis, Kenneth (C), 1731 28th St., S. E., 
Apt. 103, Washington 20, D. C. 


WESTERN MASS. 


Adamezyk, Rudolph (B), Chapin St., 
Ludlow, Mass. 

Flaherty, James W. (B), 169 New Bridge 
St., West Springfield, Mass. 

Gagnon, Raymond C. (C), Ray’s Tool 
Welding, 882 Main St., Holyoke, Mass. 

Lavoie, George E. (B), 636 Sumner Ave., 
Springfield, Mass. 

Trench, Theodore G. (B), Dyers Welding 
Equip. & Supply Co., 523 Belmont St., 
Springfield 8, Mass. 

Zeigler, John A. (B), Indiay Orchard 
Welding Co., 421 Main St., Indian Or- 
chard, Mass. 


WESTERN MICH. 


Freeman, Hugh L. (Q Freeman Welding 
Shop, 91 Gardner St., Sparta, Mich. 
Mattson, Everett L. (B), 3436 Coit Rd., 

N. E., Grand Rapids, Mich. 


WESTERN NEW YORK 


Dieboldt Fred (C), Morrison Steel Prods. 
Co., 601 Amherst St., Buffalo 7, N. Y. 

Weiss Frank J. (B), Morrison Steel 
5 Inc., 601 Amherst St., Buffalo 7, 


WICHITA 
Denison, Harold M. (C), Kansas Gas & 


Electric Co., 201 N. Market, Wichita, 
Kans. 


THE WELDING JOURNAL 


Dice, Robert F. (B), Kansas Gas & Elec. 
tric Co., 201 N. Market, Wichita, 
Kans. 

Dunsworth, Cliff (C), C. Dunsworth 
Welding & Fab., Hutchinson, Kans. 

Thompson, Richard C. (C), 1449 S. Waco, 
Wichita, Kans. 


YORK-CENTRAL PA. 


McCoy, Paul (C), Shearer’s Welding 
Shop, 706 N. Pitt St., Carlisle, Pa. 

McCulloh, William L. (C), W. Seminary 
St., Mercersburg, Pa. 


NOT IN SECTIONS 


Aubey, E. L. (B), 2154 Grant St., Mobile 
18, Ala. 

Avent, D. C. (B), Waterman Repair Div., 
Mobile, Ala. 

Bergdolt, A. R. (B), Rust Construction 
Corp., 1301 E. Michigan St., Evans- 
ville, Ind. 

Binstead, William Victot (C), Bibury, 
Main Rd., Middleton Cheney, Near 
Banbury, Oxon, England. 

Camaille, E. H. (B), Strachan Shipping 
Co., Merchants Bank Bldg., Mobile, 
Ala. 

Cane, Peter (B), Waterman Repair Div., 
Alabama State Docks, Mobile, Ala. 

Corrales, J. L. (B), P. O. Box 123, Plateau, 
Ala 


Curry, E. K. (B), 137 Randolph St., 
Crichton, Ala. 

Eliot, Milton E. (B), Mosher Steel Co., 
P. O. Box 5651, Dallas, Tex. 

Huggins, J. S. (B), Waterman Repair 
Div., Mobile, Ala. 

Kelly, L. G. (B), 115 S. Catherine St., 
Mobile 19, Ala. : 
Kelly, William A. (B), 407 Glenwood, 

Mobile 18, Ala. 
Kirk, R. E. (C), Combined Metals Re- 
duction Co., Stockton, Utah. 
Lappington, John (B), Waterman Repair 
Div., Alabama State Docks, Mobile,. 


Ala. 

Laurendine, Cecil (B), Waterman Repair 
Div., Alabama State Docks, Mobile, Ala. 

Leach, Austin F. (B), General Electric 
Co., 1801 N. Lamar St., Dallas, Tex. 

McCafferty, John J. (B), 57 Lee St., 
Mobile 19, Ala. 

Miller, Harold J., Sr. (B), 
County, Fairhope, Ala. 

Moates, W. W. (B), Old Shell Rd., 
Crichton, Ala. 

Moore, Matt E. (B), 422 Fulton St., 
Mobile 18, Ala. 

Musted, George G. (B), Ingoldsby, 2172 
Coventry Rd., Birmingham, Warwick- 
shire, England. 

Nelson, Braxton B. (B), 309 Merchants 
Bank Bldg., Mobile, Ala 
Opry, John (B), Waterman Repair Div., 
Alabama State Docks, Mobile, Ala. — 
Repp, Howard W. (B), Waterman Repair 

Div., Alabama State Docks, Mobile, 


Ala. 
Schyberg, Ole (C), A-S Bergens Mekan- 
iske Verksteder, Bergen, Norway. | 
Sullivan, George C. (B), Sullivan Welding 
Co., 317 E. 2nd St., Des Moines, Iowa. 
itt, Thurman R. (C), Arizona Iron 

Wks., 19th Ave. & So. Pacific R.R., 
Phoenix, Ariz. 

Waller, F. C., Jr. (B), Cottage Hill Rd., 
Mobile, Ala. 

Watkins, Col. D. C. (B), 217 Third St., 
Chickasaw, Ala. 

Watkins, W. M. (B), 309 Merchants 
Bank Bldg., Mobile, Ala. 

Wilkinson, E. E. (B), Citronelle, Ala. 

Wyber, James D. (B), Standard-Vacuum, 
Oil Co., Hong-Kong, China. 
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We trays for refrigerators, ovens, kitchen 
cabinet shelves and many other uses are being 
produced at the rate of 2,000 per hour at the modern 
plant of the L. A. Young Spring and Wire Corp., 
Detroit. 

A recent installation of 14 Sciaky 250 KVA pro- 
jection welders helps maintain this impressive pro- 
duction record. An outstanding characteristic of 
these machines is flexibility . . . the same welder can 
accommodate many jobs with only a simple change 
in dies and settings. ° 

If your problem involves joining wire in one or 
many operations, it will pay you to investigate this 
rugged, versatile welder. Ask for a SCIAKY ap- 
plication engineer. 


Specially Designed 
for use in the 
Wire Industry 


This projection welder 
(type PMCO 1-250-18) 
is rated 250 KVA at 
50% duty cycle. Ca- 
pacity is from two 1/16” 
basic steel wires up to 
and including eighteen 
11-gauge wires. Step- 
less heat adjustment 
is provided by bothtap 
switch and phase 
shift. Complete elec- 
tronic controls insure 
balanced circuit, 
cleaner, faster welds. 


Write for 
Complete Details. 


ADVERTISING 


4925 W. 67th St. 


3 simultaneous spots weld .050° channel to .225” 
wire frame on these refrigerator trays. 


9 cross wires of .092” stock are welded to an .307’ 
trim section in one operation. 


Handles are welded to refrigerator tray with two 
simultaneous spots. (Majority of material is 18-8 
stainless steel.) 


Chicago 38, III. 
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NCG is recognized as one of the largest organizations 


of its kind in the world. It operates 73 manufacturing f the | 
plants within the United States, offers supply from 
more than 700 warehouse stocks and service by a vast 
network of hundreds of independent NCG distribu- 
tors. For assured satisfaction in your welding needs. . 
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welding 


-~\M@onsistently through the years, the Hollup divi- 
on of NCG has been one of the largest producers 
arc welding electrodes. During the last decade 
one, the production of SUREWELD Elec- 
odes would encircle the world some 200 times. 
orrowing a well-known advertising slogan, 
Such popularity must be deserved”. It must be 


br a product that possessed unusual merit. 

The many users that insist on SUREWELD 
lectrodes give many reasons for their prefer- 
ce. Most frequently stated is, ““Reliably uni- 
brm performance’”’. This is more than a happen- 
ance. SUREWELD Electrodes are the product 


ident that such volume could only be possible © 


f the most modern electrode manufacturing 


satisfaction 


plant in the world. To see it in operation is to 
know why SUREWELD Electrodes must be bet- 
ter: The high-precision equipment that makes 
SUREWELD Electrodes was designed and built 
by NCG’s Hollup division engineers. It has no 
counterpart in the industry. Further, both the 
metals and the coatings used for SUREWELD 
Electrodes are held under the most precise labo- 
ratory control through every step from miil to 
the SUREWELD carton. 

For the utmost in welding satisfaction, you too 
will find it pays to insiston SUREWELD. Hun- 
dreds of authorized distributors are ready to 
serve you. And NCG welding experts are always 
at your call for able and unbiased consultation. 


205 W. Wacker Drive ¢ Chicago 6, Illinois 
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Members Reclassified 


During Month of October 


CHICAGO 


Downing, H. M. (from C to B), 432 8th 
Ave., La Grange, IIl. 
HARTFORD 
Ewertz, E. H. (from B to E), 30 Farming- 
ton Ave., New London, Conn. 
CLEVELAND 


Gunzleman, Willard (from C to B.) 
Carlenroy Dr., C-7, Willoughby, Ohio, 


NEW YORK 


Smith, H. S. (from B to E), International 
Acetylene Assn., 30 E. 42nd St., New 
York 17, N. Y. 


PHILADELPHIA 


Johnson, George R. (from C to B), Lin- 
coln Elec. Co., 3938 Market St., Phila- 
delphia 4, Pa. 


PITTSBURGH 


Armstrong, H. C. (from C to B), 9) 
Pennsylvania Ave., Pittsburgh 12, pa 

Kerr, J. K. (from C to B), Williams & 
Co., 901 Pennsylvania Ave., Pitts. 
burgh 12, Pa. 


OKLAHOMA CITY 


Newhall, W. H. (from C to B), 2029 N. w. 
22, Oklahoma City 6, Okla. 

Smith, Stanley (from C to B), 1517 N. w. 
4th St., Oklahoma City 4, Okla. 


SAN FRANCISCO 


Bihn, Leo J. (from C to B), Gen. Del., 
Cupertino, Calif, 


ABSTRACTS OF CURRENT 


WE! 


2,407 FOR PIERCING 
METAL Bopires—Robert B. Aitchison, 
inventor, Staten Island, N. Y., assignor 
to The Linde Air Products Co. (3 
Claims) 

The patented blowpipe is used in 
thermo-chemically piercing a deep hole 
in a metal body. The blowpipe includes 
a long nozzle which has a central oxygen 
carrying tube therein, a second tube en- 
compassing the central tube for carrying 
fuel gas, a third tube encompassing the 
second tube for carrying oxygen and a 
fourth tube encompassing the third tube 
for transmittal of liquid coolant. Con- 
necting means are provided to connect 
fuel, oxygen and coolant supplies to the 
blowpipe with the coolant having a special 
flow path therein. 


2,408,175—ELectric UNDERWATER 

WELDING—Paul  Peillon, inventor, 

Cairo, Egypt, assignor to Salvage & 

Marine Co. of Egypt SAE. (6 

Cla ms) 

This novel electrode is primarily adapted 
for use in sea water and it comprises a 
steel rod that has a solid, electrically non- 
conducting flux coating thereon with a 
separate impregnating coat on only the 
outer portion of the flux coating. The 
impregnating coating is made from an or- 
ganic electrically insulating waterproof 
material capable of being vaporized by the 
welding heat to protect the welding zone. 
The material is a wax or a drying oil. 
2,408,291—WeELDING MATERIAL AND 

Process—Charles A. Cadwell, inventor, 

Cleveland, Ohio, assignor to The Elec- 

tric Railway Improvement Co, (14 

Claims) 


Cadwell’s patent covers the process of 


Printed copies of patents may be obtained for 25¢ from 
the Commissioner of Patents, Washington 10, D. C. 


Prepared by V. L. Oldham 


making welding metal wherein an exo- 


‘thermic reaction between copper oxide and 


aluminum occurs with insufficient alumi- 
num being present to reduce all of the 
oxide. A small amount of manganese, 
manganese boride, silicon, silicon carbide 
or zirconium is present to complete the 
reduction. 


2,408,619—Arc WELDING ELECTRODES— 
Erwin Felix Friedlander, inventor, 
Hobert, Tasmania, Australia, assignor 
to O. & F. Company Proprietary 
Limited. (4 Claims) 


The electrode disclosed has a steel core 
wire that is coated with a substance con- 
sisting of, by weight, about 35% tungsten, 
13.5% molybdenum, 13% ferrochromium, 
6.5% ferrovanadium, 5% graphite, 5% 
calcium carbonate, 20% sodium silicate 
and the remainder is cellulose. 


2,408,620—Arc WELDING ELEcTRODES— 

Erwin Felix Friedlander, inventor, 

Hobart, Tasmania, Australia, assignor 

to O. & F. Company Proprietary Lim- 

ited. (3 Claims) 

This electrode is for welding chromium 
or austenitic chromium-nickel alloy steels 
such as stainless steels. The electrode has 
a low-carbon steel core wire with a thick 
coating thereon that comprises 15 to 30% 
nickel, 20 to 60% chromium, 4 to 10% 
ferrosilicon, 4 to 10% ferromanganese, 
3 to 8% ferromolybdenum and slag and 
gas-forming ingredients. The nickel and 
chromium in the coating combine to form 
a chromium-nickel alloy steel that is de- 
posited by the welding action. 


2,408,847—Spot-WeLp Epce GaucE— 
Bernard Gross and Leo W. Cornwall, 
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LDING PATENTS 


inventors, San Diego, Calif., assignors 

to Rohr Aircraft Corp. (6 Claims) 

This patented gage comprises a rod that 
is adapted to be secured to a welding ma- 
chine adjacent one of the electrodes of the 
machine. An edging roller assembly and 
carriage are adjustably mounted on the 
rod for movement to and from the elec- 
trode and they can be clamped in any de- 
sired position. 


2,409,550—ELEcTRODE FOR Spot WELD- 
ING—Matthew Dobkowski, inventor, 
Detroit, Mich. (4 Claims) 


In this patent, the electrode disclosed 
has a thin cylindrical shell, having one 
closed end, and an elongated tubular mem- 
ber that has a spiral groove on its outer 
surface and that is disposed within the 
shell but spaced from the closed end 
thereof. Then cooling liquid flows through 
the tubular member to the closed end of 
the shell and back out through the groove 
in the tubular member. 


2,409,636-—WeELDING Macuine—John B. 
Little, inventor, Summit, N. J., assignor 
to Bell Telephone Laboratories, Inc. 
(4 Claims) 

Little’s welding machine is for use in 
welding the abutted ends of a metal tape 
and it has an electrode secured to a base, 
a movable electrode and spring means for 
mounting the movable electrode on the 
base adjacent the stationary electrode. 
Means are provided for adjustably posi- 
tioning the tape’s ends on the electrodes 
and for securing the ends in such positions 
with the tension on the supporting spring 
urging the tape end mounted on the mov- 
able electrode against the other tape end. 
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Abstract 


Graphitization of carbon-molybdenum steel pipe in high- 
temperature steam installations is considered from the viewpoints 
of thermodynamic stability and rates of reaction. Cementite 
is not stable below 1490° F. (809° C.), but graphite is, so graphiti- 
zation may be expected whenever cementite is present in a steel 
placed in service at 850-1000° F. Factors which accelerate graph- 
ite nucleation shorten the service life of a steel, and factors which 
retard graphite nucleation lengthen service life, but to date the 
only positive method of preventing graphitization is to exclude 
carbon from the steel. This is now commercially impractical. 
However, by restricting the carbon content to less than 0.06%, 
the amount of graphite that can be formed may be so limited that 
it would be ineffective. It is proposed that iron-base alloys con- 
taining less than 0.06% carbon and alloyed to provide adequate 
creep strength be given further consideration as materials for high- 
temperature steam piping. A complex carbide (FeMO).;:Cs, may 
be produced in a low-carbon 0.50% molybdenum steel by isother- 
mal transformation of austenite at 1300° F. Some preliminary 
creep-test data for iron-base alloys containing 0.50% molybdenum 
and less than 0.05% carbon are presented. 


Introduction 


failure in the high-temperature steam installation 
of the West Penn Power Company, at its Spring- 
dale Station, Pittsburgh, Pa., in 1942. The failure oc- 
curred in a carbon-molybdenum steel pipe within the 
heat-affected zone of a welded joint 5'/, yr. after in- 
stallation; the reported operating temperature was 935° 
F. This failure has emphasized the fact that low-alloy 
steels have an inherent characteristic which, under cer- 
tain circumstances, impairs their utility in the tempera- 
ture range 850-1000° F. In this temperature range the 
metastable cementite (habitually considered a stable 
phase) dissociates into graphite and ferrite. 
_ Graphite and ferrite are the stable phases for alloys of 
iron and carbon below 1330° F. (Ae,). At room tem- 
perature rates of cementite dissociation are so slow that 
the equilibrium products are not formed in hundreds of 
years. At higher temperatures, however, conditions are 
more favorable to the nucleation of graphite, and the re- 
action may go to completion in a finite period of time 
* Contributed by the Joint A.S.T.M.-A.S.M.E. Research Committee on 
Effect of Temperatures on Properties of Metals and presented at the Annual 
Meeting, New York, N. Y., Nov. 27—Dec. 1, 1944, of The American Society 


of Mechanical Engineers. 
t Metallurgist, Climax Molybdenum Co., Detroit, Mich. 


(5 tit was responsible for a brittle 


Graphitization of Carbon-Molybdenum 
Steel in High-Temperature Steam 
Piping 


By George A. Timmons‘ 


les 


varying from a few hours to several years, depending 
upon the intensity of certain factors. 

It is the purpose of this paper to discuss the factors 
concerned with graphitization of carbon-molybdenum 
steel at temperatures near 1000° F., and to consider the 
proposal that very low-carbon steels, suitably alloyed to 
provide adequate creep strength, be regarded as materials 
of construction for use at the higher temperatures em- 
ployed by modern steam plants. 


Some General Aspects of Graphitization 


Graphitization is a process in which the metastable 
cementite (or Fe,;C) dissociates into the stable phases 
graphite and iron. It has been proved by carefully con- 
ducted experiments with iron-carbon alloys that below 
1490° F. (809° C.) graphite is a stable phase, and that 
cementite is not.! Between 1330° F. (721° C.) and 
1490° F. (809° C.), the products of dissociation of cemen- 
tite are graphite and austenite saturated with respect to 
carbon, and below 1330° F. (721° C.) the products are 
graphite and ferrite saturated with respect to carbon. 
Whenever cementite is present in a steel which is sub- 
jected to prolonged heating in the range 850—-1000° F. 
(454-538° C.), graphitization may occur. Like other 
physical-chemical processes, graphitization depends upon 
nucleation and growth, so the amount of graphite formed 
in a given time is dependent upon the rate of formation 
of nuclei and the rate of growth of these nuclei. In the 
process of graphitization, the more important rate is 
probably that of nucleation. Thermal treatments or 
alloying elements which affect the rate of nucleation 
merely determine whether or not graphitization will oc- 
cur within the expected service life of an iron-carbon 
alloy. Factors influencing the rate of growth determine 
the total quantity of graphite produced and the size of 
nodules formed. 

It has been observed that graphite is generally nu- 
cleated at the ferrite-carbide interface. The greater the 
number of carbide particles the greater will be the prob- 
ability of nucleating graphite. Steels with higher car- 
bon contents therefore possess greater potentialities for 
graphitizing than steels of lower carbon contents. 

Austin and Fetzer?. *- ‘ have shown that a number of 


| 
; 
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factors accelerate graphitization in hypereutectoid iron- 
carbon alloys. These are as follows: 

1. The microstructure of a steel prior to long time 
heating at 1240° F. (671° C.) was found to affect the 
rate of graphitization. When the microstructure was 
martensitic before reheating to 1240° F., it was found 
that much more graphite was formed in a given length 
of time than when the microstructure consisted of pearl- 
ite or spheroidized carbides prior to reheating to the 
same temperature. 

2. Steels containing high residual aluminum contents 
(resulting from final deoxidation) were found to graphi- 
tize more rapidly than steels deoxidized by other ele- 
ments. 

3. The rate of dissociation of cementite was found to 
be a maximum at 1240° F. At lower temperatures the 
mobility of the atoms would be less so the probability of 
obtaining the desired arrangement of atoms necessary 
for nucleation of graphite would be lower. Reheating 
to 1320° F. (716° C.) appeared to decrease the rate of 
nucleation and greatly retarded subsequent graphitiza- 
tion at 1240° F. 

4. The presence of tensile stresses in steels at elevated 
temperatures increases the rate of graphite nucleation. 

5. The presence of an oxidizing atmosphere surround- 
ing the alloy at temperatures favoring graphitization ac- 
celerates nucleation. 


Graphitization of Carbon-Molybdenum Steel in the 
Springdale Pipe 


In the Springdale installation of carbon-molybdenum 
steel pipe, graphitization occurred at the welds in the 
form of thin, curved plates. These plates were in the 
parent metal and were arranged on a surface whose con- 
tours were practically identical with those of the fusion 
zone. This surface was approximately '/s in. from the 
fusion zone at every point. Examination of these plates, 
at high magnifications, on planes through the axis of the 
original pipe, revealed them as chains of graphite nodules. 
Within narrow zones on either side of the curved chains 
were sharply reduced concentrations of dispersed nodules 
of graphite, and beyond these graphite was practically 
nonexistent. There was evidence that graphite had 
been nucleated in a narrow zone by some critical thermal 
treatment associated with the welding operation and 
that the nuclei had grown at the expense of cementite 
particles in the immediate vicinity until adjacent nodules 
merged, forming the thin curved plates. It was the 
distribution of graphite in plates which formed a prac- 
tically continuous surface through the metal, that resulted 
in the brittle failure of the pipe in the welded installation. 

Small quantities of widely dispersed graphite nodules 
were found to be randomly distributed throughout the 
carbon-molybdenum pipe where it had been unaffected 
by the welding operation. Mechanical tests on sections 
of the pipe removed after 5'/, years of service showed no 
reduction of ductility resulting from graphitization of 
this character. 

The maximum temperature attained in the graphitized 
zone by the welding operation is not known with cer- 
tainty. However, on the weld side of the zone the pres- 
ence of large areas of untransformed ferrite and evidence 
of recrystallization in regions formerly consisting of the 
Widmanstatten structure, plus the presence of slightly 
spheroidized Widmanstatten structure on the other side, 
indicated that the temperature associated with the most 
rapid rates of graphite nucleation was only slightly above 
Ae, (1330° F.). 

When a hypoeutectoid steel is heated to a temperature 
just above Ae, small austenite grains are formed which 
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contain the eutectoid concentration of carbon in soly- 
tion (ie., about 0.80% carbon). As the temperature 
rises these grains grow at the expense of adjacent ferrite 
grains and the carbon concentration of the austenite 
grains decreases. Austenite of eutectoid carbon con- 
centration has a slower rate of transformation at sub- 
critical temperatures than austenite containing either 
more or less carbon. The austenite of the narrow zone 
raised to just above Ae;, being the farthest from the 
source of heat at the weld, would cool faster than the 
austenite produced in any other zone during welding, 
and would have the maximum carbon content in solu- 
tion. This austenite would transform at lower tempera- 
tures than any other austenite and with 0.50% molyb- 
denum present, it is probable that it would transform to 
martensite before reaching room temperature. 

The records of the Springdale installation show that 
after welding, each joint was stress relieved at 1200° F. 
(649° C.). The records also indicate that the carbon- 
molybdenum steel was produced by the basic open- 
hearth process. and that it had been killed with 1.75 Ib 
of aluminum per ton. The pipe was used in service 
where it sustained tensile stresses at a temperature of 
935° F. (502° C.). Thus the zone which had been raised 
to just above the Ae; temperature during the welding 
operation was subjected to at least five conditions known 
to accelerate nucleation of graphite, as follows: 


1. Service at 935° F., in the temperature range con 
ducive to graphitization. 

Formation of martensite, followed by: 

Reheating to 1200° F. (only 40° F. below the tem- 
perature at which the rate of dissociation is a 
maximum).* 

Residual aluminum in the steel. 
5. Tensile stresses at operating temperature. 


2. 
3. 


The narrow width of the zone containing high concen- 
trations of graphite nodules indicates ‘he extremely 
sensitive nature of the nucleation of graphite. Condi- 
tions 1, 3, 4 and 5 were fulfilled in all parts of the weld 
zone, yet only a negligible quantity of graphite was found 
in the pipe itself outside the heat-affected zone. The 
weld metal was subjected to conditions 1, 3 and 5, but 
no graphitization was found in the weld deposit. It 
thus appears that the formation of martensite or at least 
some low-temperature product of austenite decomposi- 
tion is the major cause of the rapid rates of graphite 
nucleation and for the special deleterious distribution of 
the nodules. 

Since graphitization in the weld zone has been estab- 
lished as the cause of failure in the Springdale installa- 
tion, metallurgists and power-plant engineers have been 
faced with the problem of how to prevent a recurrence 
of this difficulty in future installations. Inasmuch as 
aluminum has been found to accelerate graphitization, 
restrictions have been placed upon the quantity of alum- 
inum that may be used to kill heats of steel intended for 
high-temperature steam service. ; 

By virtue of its effect upon retarding the rate of graph- 
itization in malleable iron, and because of its ability to 
increase the depth of chill in gray cast iron, chromium 
has earned the reputation of being a graphite “inhibitor. 
Chromium steels spheroidize more slowly than most low- 
alloy steels, and it has been found that upon prolonged 
tempering above 1022° F. (550° C.) a carbide which con- 
tains chromium is formed.’ Carbon-molybdenum stee! 
modified with additions of chromium has been considered 
for new installations of high-temperature steam pipe be- 
cause it is believed that chromium will reduce the tend- 
ency of the steel to graphitize in service. It should be 
pointed out that the ability of chromium to serve as 4 
retarder of graphite nucleation has been most effective 
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at temperatures above Ae, where the cementite phase is 
in metastable equilibrium with gamma iron saturated 
with respect to carbon. Just how effective it will be at 
subcritical temperatures where cementite is in metastable 
equilibrium with ferrite remains to be proved by ex- 
periment, 

Since martensite formation in a narrow zone of the 
weld is apparently responsible for the deleterious dis- 
tribution of graphite, one possible corrective heat treat- 
ment is immediately suggested. This treatment con- 
sists in raising the preheat temperature for welding to 
800-900° F. (427-482° C.) and holding the welded joint 
at this temperature for about 1 hr. after welding has been 
completed. Then the carbon-rich austenite formed in 
the zone raised to just above Ae, during welding will, 
upon cooling, transform at subcritical temperatures 
where the products formed are less sensitive to graphite 
nucleation than is martensite. 

Some alloying elements such as molybdenum and 
silicon restrict the gamma field in ferrous alloys. If the 
concentrations of these elements were increased to such 
an extent that the steels could not transform to austenite, 
the formation of martensite would be obviated and the 
most important factor contributing to the nucleation of 
graphite along a continuous surface would be eliminated. 

The specific contributions of molybdenum to the prop- 
erties of iron-carbon-molybdenum alloys have been the 
subjects of investigations conducted over a period of 
years at the laboratory of the author’s company. One 
recent investigation has been concerned with the parti- 
tion of molybdenum between the ferrite and carbide 
phases in pure, iron-rich, iron-carbon-molybdenum al- 
loys.’ Experiments were conducted with alloys 
which were melted, processed and cast in vacuum. 
They contained the eutectoid carbon concentration and 
0.25 to 1.00% molybdenum. It has been found that a 
complex iron-molybdenum carbide may be developed in 
some of these alloys by suitable heat treatment. This 
carbide conforms to the chemical formula (Fe, Mo) 
and crystallizes in a face-centered cubic lattic with 116 
atoms to the unit cell. It was the only carbide present 
in alloys containing 0.50-1.0% molybdenum, austen- 
itized at 1700° F. (927° C.), and isothermally trans- 
formed between 1300 and 1100° F. (704 and 593° C.). 

It was also discovered that when these same alloys 
were austenitized at 1700° F., quenched in water, and 
temperated at 1300° F., appreciable amounts of molyb- 
denum concentrated in the carbides as time increased. 
After 150 hr. some face-centered (Fe Mo)o;Cs had formed, 
but the orthorhombic Fe;C was predominant. An addi- 
tional 100 hr. at 1300° F. increased both the percentag« 
of (FeMo).;C. and the concentration of molybdenum in 
the carbide phases. Other samples of the same alloys 
were water quenched and tempered at 1100 and 1200° F. 
These samples graphitized within 100 hr. and the amount 
of graphitization decreased as the molybdenum content 
increased. 

The results of this investigation indicate that the addi- 
tion of 0.50% or more molybdenum to an eutectoid iron- 
carbon alloy changes the nature of the carbide phase 
formed directly from austenite at temperatures between 
1100 and 1330° F. No graphite was found in any sample 
which also contained the complex (FeMo)s;Cs. These 
observations suggest that the complex carbide dissociates 
more slowly than cementite even though it may not be 
a stable phase at these temperatures. The most con- 
vineing evidence that the complex carbide is a stable 
phase at 1300° F. has been presented by Smith, Miller 
and Tarr," who reported that the graphite in the Spring- 
dale pipe could be converted to a carbide at 1300° F. 
It is suggested that the graphite dissolved in ferrite and 
reprecipitated as 


The relatively rapid graphitization at 1100 and 1200° 
F. for the pure iron-carbon-molybdenum alloys indicates 
that graphite is the stable phase for these alloys at tem- 
peratures below 1200° F. The fact that graphite per- 
sisted in the carbon-molybdenum pipe after 5'/2 yr. at 
935° F. may be accepted as proof, with very little reser- 
ration, that graphite is the stable phase at this tempera- 
ture. 

Sections of the carbon-molybdenum pipe after removal 
from service at the Springdale Station were examined by 
X-ray diffraction. The only carbide identified in the 
steel conformed to the crystallographic pattern of FesC. 
However, when other sections of the same pipe were 
austenitized at 1800° F., and isothermally transformed at 
1300° F., the only carbide found was (FeMo)o3Cs. 

The proof that the complex carbide can be developed 
in carbon-molybdenum steels for elevated-temperature 
service suggests another method of retarding graphitiza- 
tion. This method, applied after welding in the usual 
manner, would entail heating the joint and sections on 
either side of it to 1200° F., followed by raising the tem- 
perature of the joint itself to 1500-1700” F. (816-927° C.) 

The austenitized portion would then be cooled to 1200” 
F. and held at that temperature sufficiently long to per- 
mit complete transformation at a temperature where 
the complex carbide is a product of austenite decomposi- 
tion. The same treatment might be applied to present 
installations showing indications of incipient graphitiza- 
tion. At 1700° F. graphite nuclei would be dissolved in 
austenite, and subsequent isothermal decomposition of 
this austenite at 1200° F. would ensure the formation 
of (FeMo):Cs. instead of Fe;C. The utility of such a 
treatment will depend upon whether the complex car- 
bide, once formed at 1200—1300° F., will dissociate more 
slowly at 935° F. than the cementite phase. 

Simply tempering the welded joint for a few hours at 
1200 or 1300° F. will not develop the complex iron- 
molybdenum carbide; much longer times are required 
than would be considered practical. 

Unless thermodynamic data are available, the only 
other evidence of the stability of a phase at a given tem- 
perature entails the maintenance of that phase at the 
given temperature for long periods of time. If there is 
dissociation in any length of time the phase is not stable; 
but failure to dissociate in 5 yr. must not be construed as 
evidence that the phase is stable or that it will remain un- 
dissociated for 20 yr. To date no thermodynamic data 
have been obtained which will prove the stability of 
special complex carbides of iron and chromium, iron and 
molybdenum, or cementite in the presence of either 
chromium or molybdenum. Without benefit of such 
proof, the use of graphite retarders and the restriction 
of accelerators may be regarded only as compromises 
which cannot be evaluated except by time. Thus when- 
ever the metastable cementite is present in a steam pipe 
which is placed in service at temperatures in the range 
850-1050° F., graphitization may be expected. The 
restriction of aluminum for killing carbon-molybdenum 
steel and additions of chromium may be regarded as 
corrective measures, but it must be emphasized that 
such specifications do not guarantee freedom from 
graphitization. 


Properties of Low-Carbon, Iron-Base Alloys at Elevated 
Temperatures 


Fundamental aspects of graphitization in carbon- 
molybdenum steels between 850 and 1000° F. have been 
considered; there remains the problem of producing a 
truly stable material. One logical approach to this 
problem would be to exclude the component responsible 
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for graphitization or to restrict its concentration drasti- 
cally. Thiscomponentiscarbon. A carbon-free, ferrous 
alloy cannot graphitize. It may not, however, be neces- 
sary to eliminate carbon completely. Under some cir- 
cumstances graphite might be formed in steels contain- 
ing up to 0.06% carbon, but the amount would be small 
and the greater dispersion of nodules would render it 
comparatively ineffective. 

Carbon makes steel amenable to heat treatment by 
which room-temperature hardness and strength may be 
increased. Steels with 0.20% carbon may be heat 
treated to develop room-temperature hardness and ten- 
sile strength appreciably greater than that which may 
be developed in a steel containing less than 0.06%. The 
effect of carbon concentration on the properties of steel 
at elevated temperatures has not been definitely es- 
tablished, but White, Clark and Wilson® reported that 
when the carbides were in the spheroidized condition, 
increasing carbon contents resulted in decreasing creep 
resistance at 800-1200° F. It is apparent that the ag- 
gregates of ferrite and carbide, responsible for higher 
room-temperature tensile strength in the higher carbon 
steels, lose so much of their superiority at temperatures 
where they spheroidize, that the benefits derived from 
higher carbon contents at room temperature may be 
lost at elevated temperatures. Reducing the carbon 
content of the conventional carbon-molybdenum steel 
from 0.18 to 0.06% will result in a sacrifice of room- 
temperature tensile strength but there is evidence that 
creep resistance at 1000° F. may not be affected appre- 
ciably. 

To obtain the best properties in a material it is ex- 
pedient to have a knowledge of the underlying factors 
which affect its behavior. For this reason an investiga- 
tion has been started to determine how carbon and 
molybdenum affect the creep characteristics of iron-base 
alloys. At the present time the investigation is in its 
initial stages. Only a few data are available for the 
present discussion but they are worthy of consideration. 
Further reports will be published as the program pro- 
gresses. 

In order to study the effects of one component, it is 
necessary to eliminate other variables. To accomplish 
this in the proposed investigation, pure iron-carbon- 
molybdenum alloys were prepared by melting and cast- 
ing in vacuum. The alloys were tested in the as-forged 
condition for hardness at 900, 1000 and 1100° F. Creep 
tests were conducted at 1000° F. 

Several years ago the laboratory of the author’s com- 
pany undertook a project concerned with the properties 
of metals at elevated temperatures. To evaluate ac- 


curately hardnesses at high temperatures a machine was 
developed in which the specimen, a diamond indenter, 
and a heating unit were enclosed in an evacuated cham- 
ber. The diamond indenter was ground to the Vickers 
specifications and was loaded from the outside by means 
of the standard Vickers hardness-testing machine with a 
total force of 10.52 kg. The diagonals of the square im- 
pression made in the surface of the specimen were meas- 
ured by the standard microscope. Testing a vacuum 
prevented oxidation of the diamond, and the surface of 
the specimen on which the impressions were mace. 
This facilitated accurate measurement of the impres- 
sions. 

Numerous tests have indicated that this so-called 
““‘hot-hardness tester’ is a valuable tool for comparing 
materials which will be subjected to stress at high tem- 
peratures. It has been found capable qualitatively of 
separating groups of various alloys according to elevated- 
temperature strength, and the trend established by tests 
in this machine agrees well with the quantitative meas- 
urements determined by creep tests. It thus serves as 
a tool for evaluating a material rapidly for high-tempera- 
ture service by comparing its hot hardness at a-given 
temperature with the hot hardness of materials whose 
creep rates at the same temperature are known. 

In Table 1 are presented data thus far obtained on a 
small group of vacuum-melted iron-base alloys con- 
taining very little carbon and increasing amounts of 
molybdenum. Comparing alloy VM-43, the molyb- 
denum-free metal, with alloy VM-41 containing 0.51% 
molybdenum and a minimum of carbon, it is evident that 
molybdenum dissolved in ferrite increases the hardness 
and creep resistance of iron at 1000° F. Alloy VM-38 
containing 3% molybdenum dissolved in ferrite, ex- 
hibits a greater hardness at 100° F. than VM-41. Creep 
tests on VM-38 at 1000° F. are under way at the present 
time. 

Alloy VM-29 possesses higher hardness at 100° F. 
than any of the other vacuum-melted alloys although 
it contains only 0.51% molybdenum and 0.019% car- 
bon. The exact cause of this unexpected behavior is 
not understood, but the data for this single alloy prove 
definitely that a 0.15-0.20% carbon is not necessary for 
adequate creep strength. 

At 1000° F., three of the low-carbon vacuum-melted 
heats containing 0.50% molybdenum were as hard as, 
or harder than, the section of the Springdale pipe. Since 
the pure iron-base alloys compared so favorably in hot 
hardness with the carbon-molybdenum pipe steel, it was 
deemed advisable to simulate commercial material by 
making one induction-furnace heat of low-carbon 0.50% 


Table 1—Hardness and Creep-Resistance Data on Vacuum-Melted Iron-Base Alloys 


——Creep at 1000° F.— 


Vickers Pyramid Hardness Number Rate per Exten- 
Alloy C,% Mo,% Microstructure 80°F. 900° F. 1000°F. 1100°F. Stress 1000 Hr., % sion,In. Hours 
VM-43* bes 0.001 F 123 46 30 22 3,500 0.002 
5,000 0.16 
7,500 0.0137 120 
VM-41* 0.006 0.51 F 98 73 59 47 7,500 0.032 
10,000 0.0034 860 
12,500 0.0124 145 
VM-29* 0.019 0.51 F 166 107 94 71 1,000 0.020 
VM-38* oan 3.03 F 127 75 65 
VM-11-2* 0.019 0.50 F+P 134 96 87 76 
VM-12-2* 0.029 0.50 F +P 127 96 86 67 
Springdale pipet 0.17 0.53 F+W 133 103 84 70 
Heat 2709* 0.045 0.48 F+P 120 99 85 65 
* As forged. 


t As removed from service. 


Nore: For “microstructure,” F = ferrite, P = pearlite, W = Widmanstatten. 
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molybdenum steel under atmospheric pressure. In the 
“as-forged”’ condition this heat (No. 2709) had a hard- 
ness at 1000° F. comparable with that of the vacuum- 
melted heats in the as-forged condition. Creep tests on 
a section of this heat are now in progress. 


Discussion 


Since molybdenum dissolved in ferrite exerts an in- 
fluence upon the creep resistance of a steel and its hard- 
ness at elevated temperature, it may be assumed that the 
amount of carbon dissolved in ferrite will also affect creep 
resistance and hardness. It is possible that only the 
carbon dissolved in ferrite will affect the creep character- 
istics of a steel at 1000° F. and higher temperatures; 
and that carbon in any other form has little or no effect. 
The maximum solubility of carbon in ferrite at 1000° F. 
is probably not over 0.015%, so the effect of small 
changes of carbon concentration below 0.015% may be 
appreciable. 

When water-quenched samples of the pure iron-car- 
bon-molybdenum alloys (used for the investigation of 
partition) were subsequently tempered at 1300° F., it 
was found that as the time at temperature increased the 
amount of molybdenum concentrated in the carbide 
phases also increased. Other experimental work con- 
ducted several years ago with commercial carbon-molyb- 
denum steel’ indicated the same phenomenon. The 
investigation by Crafts and Offenhauer® of carbides in 
molybdenum and chromium-molybdenum steels, tem- 
pered at subcritical temperatures above 1000° F., also 
shows that molybdenum segregates to the carbide phases. 
The diffusion of molybdenum to the carbides during 
prolonged tempering suggests another disadvantage re- 
sulting from the presence of carbon in molybdenum steels 
for elevated-temperature service. The results thus far 
reported for the investigation concerned with creep re- 
veal that molybdenum increases creep resistance, in part 
at least, through its solution in ferrite. Increasing 
molybdenum contents in the carbides result in decreas- 
ing the molybdenum dissolved in the ferrite; so it may 
be expected that increasing time at temperature will re- 
sult in a loss of creep resistance of molybdenum steels 
containing more than 0.015% carbon. Reduction 
of the total carbon content of a steel from 0.18 to 0.06% 
maximum would decrease by about three-fourths the 
amount of molybdenum removed from the ferrite by 
diffusion to carbides. 

In the course of the investigation of the partition of 
molybdenum between carbide and ferrite phases, it was 
found that the space lattice of ferrite varied as a function 
of the molybdenum content and thus made possible the 
determination of the molybdenum dissolved in that 
phase by X-ray diffraction methods. In water-quenched 
samples tempered at 1300° F., there was no detectable 
change in the lattice parameter of the orthorhombic 
cementite even though chemical analyses of the carbides 
and X-ray diffraction measurements of the ferrite indi- 
cated progressively increasing concentrations of molyb- 
denum in the carbides with increasing time. Although 
information regarding the partition of molybdenum in 
the Springdale pipe after 5'/, yr. at 935° F. would be 
valuable, it could not be obtained owing to the presence 
of silicon and manganese dissolved in ferrite which made 
impossible the determination of the quantity of molyb- 
denum in solution in this phase, and owing to the in- 
ability to determine the amount of molybdenum dis- 
solved in cementite by X-ray diffraction methods. 
Chemical analyses of carbides as finely dispersed as those 
of the Springdale pipe are not accurate. 

In carbon-molybdenum steel, limiting the carbon to 


the value of its maximum solubility in ferrite at the 
operating temperature will serve two purposes, namely, 
(a) graphitization will be eliminated; (b) the concentra- 
tion of molybdenum in the ferrite phase will remain con- 
stant. The structural stability of the steel will be as- 
sured. Without the carbide phase graphitization will 
be impossible, regardless of the process by which the 
steel was made, the previous heat treatment employed 
or the presence of accelerators. It is recognized that a 
steel so low in carbon, 0.01-0.02%, is difficult to produce 
by present processes, but steels containing 0.03-0.06% 
carbon can be made consistently. The compromise en- 
tailed in accepting carbon concentrations up to 0.06% 
is not serious. Graphitization, if it did occur, would be 
negligible; and very little molybdenum would diffuse 
from the ferrite to the small amount of undissolved car- 
bides available. 

Many tons of steel containing 0.06%, or less, carbon 
have been produced for deep-drawing steel stock used 
in the manufacture of automobile bodies. When heats 
are deoxidized with 4-6 lb. of aluminum per ton, the 
steels are sound, relatively free from nonmetallic in- 
clusions and easily handled in the steel mill. They are 
readily fabricated, machined and welded. An addition 
of 0.50% molybdenum to steels of this type should not 
cause any complications in their manufacture. 

The data in Table 1 show that creep properties of the 
very low-carbon iron-molybdenum alloys are comparable 
to the creep properties now accepted for conventional 
carbon-molybdenum steel containing 0.15-0.20% carbon. 

At the present time 0.15 to 0.20% carbon is usual in 
carbon-molybdenum steam pipe. Suitably heat treated, 
this pipe will meet the minimum room-temperature 
tensile properties specified by A.S.T.M. (A 206-42 T). 
Whether or not carbon in such concentrations contributes 
to creep resistance near 1000° F. has not been deter- 
mined. However, since it has been shown that com- 
parable creep properties may be obtained with far less 
carbon, and since it has been shown that when the steel 
is in the spheroidized condition increasing amounts of 
carbon decrease the creep strength, it is likely that car- 
bon contributes little or nothing to creep properties after 
its concentration has exceeded a certain value. This 
value may be the limit of its solubility in alpha iron at 
operating temperatures. 

The behavior of a material at the operating tempera- 
ture of an installation should be of greatest concern to 
the power-plant engineer. The most valuable criteria 
of the utility of a steel at elevated temperatures are creep 
rate and creep strength. These are the only properties 
which are directly applicable to design. It is an ac- 
cepted fact that room-temperature hardness and tensile 
strength are not criteria of the properties of a steel at 
elevated temperatures. Therefore a low-carbon iron- 
base alloy which possesses adequate creep strength at 
1000° F. should not be disqualified as a material for serv- 
ice at this temperature on the grounds that it does not 
satisfy the room-temperature tensile requirements now 
specified for alloy-steel piping to be used at temperatures 
from 750-1000° F. It is suggested that the specifications 
may have to be modified to avoid the exclusion of alloys 
possessing equivalent elevated-temperature properties 
and greater structural stability than the material now 
accepted for power-plant construction. 


Conclusion 


From the point of view of thermodynamics it appears 
that whenever cementite is present in a carbon-molyb- 
denum steel, subjected to prolonged periods of time at 
850-1000° F., graphitization may be expected since 
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graphite—not cementite—is the stable phase at these 
temperatures. Whether graphite will form during the 
desired life of the steel depends upon the rate of dissocia- 
tion of cementite. Exclusion or restriction of elements 
or thermal treatments known to accelerate graphite nu- 
cleation and the addition of elements or the use of heat 
treatments which tend to retard graphite nucleation 
may be corrective measures; but until there is proot 
that such measures result in stable phases they must be 
regarded as compromises only. To date the only posi- 
tive method of eliminating graphitization is to exclude 
the carbon or to limit it to very low percentages. 

At 1000° F. iron-base alloys containing 0.50% molyb- 
denum and less than 0.02% carbon have hardnesses equal 
to, or greater than, the hardness of the Springdale pipe 
(at the time it was removed from service). One test on 
such an iron-base alloy gave a creep rate of only 0.02% 
per 1000 hr. at 1000° F. under a stress of 10,000 psi. 

It has been shown that 0.50% molybdenum dissolved 
in ferrite raises both the hardness and creep resistance of 
iron at 1000° F. It follows that part of the value of 
molybdenum in carbon-molybdenum steels intended for 
service in high-temperature steam plants results from 
its solution in the ferrite phase. 

It has been established that a complex carbide, con- 
forming to the chemical formula (FeMo).;C. and crys- 
tallizing in a face centered cubic lattice with 116 atoms to 
the unit cell, may be developed in the conventional car- 
bon-molybdenum steel by suitable heat treatment. 
This and other evidence which indicates that molyb- 
denum segregates to the carbide phase during tempering 
suggests that over a period of time at operating tempera- 
tures carbon may indirectly cause a reduction in the 
creep resistance of the steel because the diffusion of 
molybdenum to the carbides reduces its concentration 
in ferrite, where it appears to be more effective. 

The problem of graphitization of carbon-molybdenum 
steel in service in high-temperature steam plants has 
been considered from the viewpoints of thermodynamic 
stability and rates of reaction. Some facts about the 
role of molybdenum in carbon-molybdenum steel have 
been presented. It is proposed that carbon-molybdenum 
steels containing not over 0.06% carbon be investigated 
with regard to their use for high-temperature steam 
piping. 
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Discussion 


_ G. F. Comstocx:* The author’s suggestion to use 
0.5% molybdenum steel that is practically free from 
carbon, for high-temperature steam piping in order (1) 
to eliminate the possibility of graphitization, and (2) 
to liberate all the molybdenum for concentration in the 
ferrite, is an interesting and reasonable one that warrants 
further development. Since the manufacture of ex- 
tremely low-carbon steel is costly from the standpoint 
of furnace time and wear, the stabilizing of a moderately 
low-carbon content with titanium might be considered 
as an alternative procedure. Titanium carbide is much 
more stable than molybdenum carbide and is also prac- 
tically impossible to decompose into graphite, so that the 
same advantages could be secured by combining the 
carbon with titanium as if the carbon were eliminated 
from the steel. It would require about four times as 
much titanium as carbon in the steel to give the prop- 
erties of a practically carbon-free material. 

This kind of low-carbon high-titanium steel has al- 
ready been found so useful as a material for nonaging 
and deep-drawing sheets, and for vitreous enameling, 
that methods have been developed for making it on a 
commercial scale by the basic open-hearth process. A 
number of successful full-sized heats have already been 
made. The finished product, containing at least 4.5 
times as much titanium as carbon, gives evidence in 
several ways of having a lower effective carbon content 
than even Armco iron which contains less than 0.02% 
total carbon. Thus the manufacture of a 0.5% molyb- 
denum steel with no graphitizable carbon content, such 
as the author recommends for high-temperature service, 
may be more practical and successful if titanium is re- 
lied upon to stabilize a moderately low-carbon content, 
than if it is attempted to reduce the carbon to a negligible 
percentage in the open-hearth furnace. 

G. V. Smitru:+ The author’s explanation of the oc- 
currence of localized graphitization in the heat-affected 
zone of welds in carbon-molybdenum pipe is essentially 
the same as that previously given by R. F. Miller and 
the writer.+ The author points out that the austenite 
which forms in the portion of the sample which is heated 
to just above the Ae, temperature (and which is also the 
portion that subsequently graphitizes) is rich in carbon, 
but suggests that there is also 0.50 per cent mclybdenum 
present.. We would question this latter point for it 
seems unlikely that the molybdenum content of the 
austenite should correspond to the nominal analysis of 
the steel. If molybdenum had segregated in the carbide 
could not the molybdenum content of these small regions 
of austenite be much greater than 0.50 per cent? 

The paper states that it is very probable that graphite 
is the stable phase, rather than carbide, at the service 
temperature of 900-950° F., and cites as evidence in sup- 
port of this view the fact that ‘graphite persisted in the 
carbon-molybdenum pipe after 5'/, years at 935° F.” 
It appears to the writer, uowever, that very possibly the 


* Chief Metallurgist, The Titanium Alloy Manufacturing Co., Niagara Falls 


+ Research Laboratory, U. S. Steel Corp., Kearny, N. J. 

+ Smith, G. V., and Miller, R. F., “A Possible Means of Avoiding Loca! 
Graphitization of Steels in Service at Elevated Temperatures,’’ Graphitize 
tion cA Steel Piping, The American Society of Mechanical Engineers, 1944, 
PP. 
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only reason for the occurrence of graphite or the FesC 
type of carbide at the service temperature in ordinary 
practice is that equilibrium is not attained, owing to the 
practical inability of the molybdenum atoms to diffuse 
at such low temperature. This seems much more plau- 
sible than the concept of an inversion temperature be- 
tween 900 and 1300° F. * On this basis, if a stable variety 
of carbide were formed by permitting the attainment of 
near equilibrium at slightly higher temperature, as we 
have suggested,+ it might be expected that the steel 
would remain immune to graphitization at the lower ser- 
vice temperature. Which of the two possibilities is the 
correct one may be readily checked experimentally, both 
by determining whether samples subjected to the ‘‘pre- 
ventive” treatment remain immune and by an X-ray 
diffraction examination of the carbide type or types 
present after long-time holding in the range 900—-950° F. 
of a sample which had earlier been brought to equilibrium 
at a higher temperature, i.e., above the alleged inversion 
temperature. Our experiments so far have indicated 
that _ “stabilized”’ steel remains immune to graphitiza- 
tion. 

The author states that tempering the welded joint for 
a few hours at 1200—1300° F. will not develop the complex 
iron-molybdenum carbide and that time much longer 
than practical would be required to do so. We wish to 
point out that this is not always true, and probably de- 
pends upon the actual composition. Some limited data 
we have obtained indicate that after only 2 hr. tempering 
at 1300° F., aclose-packed hexagonal carbide (generally 
called Mo,C) occurs in a 1 per cent molybdenum steel of 
0.17 per cent carbon initially water-quenched from 1650° 
F. It would be quite difficult to determine the carbide 
types in the case of the localized graphitization near 
welds owing to the uncertainty as to the composition of 
the austenite regions in which graphitization subse- 
quently occurs. 

We note that many of the steels tested by the author 
for hardness and creep strength were studied in the ‘‘as- 
forged”’ condition. Since the “‘as-forged’’ condition is 
rather an uncertain one, we wonder if this may not be 
the reason for the difficulty he has found in attempting 
to determine the effect of composition. 

Certain practical difficulties have been pointed out in 
connection with producing steels of the low-carbon con- 
tent suggested by the author. We wish to point out 
another possible one, namely, that in producing such 
steel, relatively large deoxidizer additions will be neces- 
sary, as the author indicates, in order to produce a sound 
steel, and this will result in fine grains which are generally 
considered detrimental to the creep strength, at least at 
the more elevated temperatures. 


Author's Closure 


The author wishes to express his appreciation to Mr. 
Comstock and Mr. Smith for their thoughtful criticism 
and discussion of his paper. 

Most of the suggestions for solving the problem of 
graphitization in C-Mo pipe in service at 950-1000° F. 
have been based upon possible stabilization of the car- 
bide phase. Owing to the lack of information relative 
to the stability of carbides other than cementite at tem- 
peratures of 900—-1000° F. the proposals along these lines 
made to date cannot be considered as solutions. It was 
the purpose of this paper to approach the problem from 
a different viewpoint: reduce the carbon content to a 
value so low that graphitization would be impossible, or 


§ Smith, G. V., and Brambir, S. H., “Graphitization of Welded and of End- 
Quenched Carbon and Molybdenum Steels,"’ Graphitization of Steel Piping, 
The American Society of Mechanical Engineers, 1945, pp. 85-89 
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to a value such that any graphitization which did occur 
would be practically ineffective in reducing the me- 
chanical properties of the pipe. Based upon 1000-hr. tests, 
it has been sliown that adequate creep strength can be 
obtained in iron-rich, iron-molybdenum alloys which 
have 0.02% or less carbon, indicating that there is merit 
to this approach. Mr. Comstock has suggested that a 
judicious addition of titanium would result in the pre- 
cipitation of a large proportion of the carbon as titanium 
carbide which is difficultly soluble in austenite, so a steel 
which contains 0.10-0.15% C, to facilitate its production 
in steel mill or foundry, would behave, in the welding 
process, as if the carbon content were only about 0.02%. 
Others have considered this suggestion to be a feasible 
solution, but the stability of titanium carbide at tem- 
peratures near 1000° F. must be proved before the use of 
titanium may be regarded as a positive method of elimi- 
nating graphitization. 

There are many instances in which C-0.50°% Mo steel 
has been employed at temperatures near 1000° F. for 
long periods of time (in excess of 5 yr.) without any in- 
dication of graphitization. In fact, graphitization in 
welded installations of C-Mo steel pipe is comparatively 
rare when one considers the wise application of this steel 
in high-temperature service. The exceptional cases 
have usually been associated with temperature fluctua. 
tions in service and irregularities in welding methods, 
but they deserve considerable attention, nevertheless, 
because they indicate a certain border-line sensitivity 
of the material. Since the facts indicate that graphitiza- 
tion is a border-line problem, it is likely that small addt- 
tions of chromium, titanium, vanadium, etc., may be 
sufficient to so retard graphitization that its occurrence 
in the normal service life of a high-temperature steam 
plant may be prevented. There is evidence that an 
increase of molybdenum concentration from 0.50 to 
1.00% would greatly retard graphitization. Some be- 
lieve the limitation of aluminum additions used for kill- 
ing the steel is all that is needed to adequately retard 
graphitization in C-Mo pipe. The principal deficiencies 
in all these suggestions lie in their uncertainty with re- 
gard to the stability of the carbide formed or the rate of 
decomposition of unstable carbides. 

Mr. Smith's discussion includes a number of interest- 
ing questions and comments worthy of attention. He 
questions if 0.50% molybdenum is present in the aus- 
tenite of the weld zone which is raised to temperatures 
only slightly above Ac; and states, “. . .it seems unlikely 
that the molybdenum content of the austenite should 
correspond to the nominal analysis of the steel,’’ and 
then questions, ‘if molybdenum had segregated in the 
carbide, could not the molybdenum content of these 
small regions of austenite to much greater than 0.50%?” 
It was the author's intention to emphasize the fact that 
the presence of at least 0.50% molybdenum in the small 
regions of austenite retarded their rates of transformation 
and thereby contributed toward the formation of marten- 
site. Without the presence of molybdenum, carbon 
steel is less apt to form martensite under identical condi- 
tions of heating and cooling so it may appear to be less 
sensitive to graphitization as indicated by Smith and 
Brambir.* If the molybdenum segregated to the car- 
bide phase, then the molybdenum concentration in aus- 
tenite at the carbide-austenite interface could be greater 
than the nominal analysis of the steel and the probability 
of forming martensite on cooling would be greatly in- 
creased. Molybdenum does segregate to the carbide 
phase under certain conditions, so microscopic concentra- 
tion gradients may exist in austenite formed about a 
carbide particle, but there is reason to believe that the 


* Smith, G. V., and Brambir, S. H., ““Graphitization of Welded and of End- 
Quenched Carbon and Molybdenum Steels."’ Graphitization of Steel Piping, 
The American Society of Mechanical Engineers, 1945, pp .85-89 
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average molybdenum concentration in the small regions 
of austenite is equal to the average molybdenum content 
of the steel. ; 

A recent investigation conducted by one of the staff 
of our research laboratoryf has shown conclusively that 
the proeutectoid ferrite formed from molybdenum-con- 
taining austenite has the same molybdenum concentra- 
tion. The final austenite to transform, therefore, con- 
tains essentially the same molybdenum concentration 
(except for some slight segregation which might occur 
during solidification) as that which transformed to ferrite 
at the initiation of the phase change. When the precipi- 
tation of ferrite has progressed appreciably at the higher 
subcritical temperatures, part of the austenite transforms 
to pearlite which contains the complex iron-molybdenum 
carbide, (Fe, Mo)o3Cs provided there is sufficient molyb- 
denum in the steel. When a steel containing 0.40% C 
and 0.25% molybdenum is isothermally transformed in 
the range 1200-1300° F., only the orthorhombic Fe;C is 
generated. The latter contains some molybdenum in 
solution. Steels having 0.40% C and 0.50% or more 
molybdenum, when transformed at the same tempera- 
tures, develop the face centered iron-molybdenum car- 
bide in the pearlite colonies. 

Although the complex carbide, or cementite contain- 
ing dissolved molybdenum, may contain higher concen- 
trations of molybdenum than the average content of the 
steel, the pearlite colonies containing these carbides will 
have an average molybdenum content equal to that of 
the parent austenite. Austenite regenerated from this 
pearlite, by raising the temperature of the latter to 
values above Ac;, should have the same average molyb- 
denum content as that found in the steel. It is acknowl- 
edged that there is likely to be, on a microscopic scale, 
fluctuations of molybdenum content within the austenite 
formed from pearlite. To date it has not been possible 
to identify the carbide which is found in the Widman- 
statten structure of normalized molybdenum steels. 
The only carbide identified in the spheroidized Widman- 
statten structure of the Springdale pipe was Fe;C. 

Mr. Smith questions the concept of graphite being a 
stable phase in C-0.50% Mo steels at 900-950° F. when 
it has been nucleated from carbides (from tempered 
martensite) and has grown in quantity over a period of 
5'/ yr. (48,000 hr.), yet he evaluates the stability of the 
carbide developed at 1300° F. in 2 hr. on the basis that no 
graphitization occurred in 3000 hr. at 1000-1050° F. 
In support of the contention that graphite is not a stable 
phase, it was stated that ‘equilibrium is not attained, 
owing to the practical inability of the molybdenum atoms 
to diffuse at such low temperatures.” The D value for 
molybdenum in ferrite at 935° F. is 1.7 K 10-"* cm.? 
per sec. Surely, one may suspect that here is a diffusion 
coefficient adequate to permit the formation of a molyb- 
denum-containing carbide in 5'/, yr. at 935° F. if such 
a carbide were a stable phase. 

This point may be made clearer by the following con- 
sideration. At 1200° F. the D value for molybdenum 

t Bowman, Fred E., “The Partition of Molybdenum in Hypo-Eutectoid 


Iron-Carbon-Molybdenum Alloys.” Submitted for publication in Trans. 
A.S.M. for 1945. 


Ham, John L., “The Rate of Diffusion of Molybdenum in Austenite and 
in Ferrite,” Trans. A.S.M., 35, 331 (1945). 


in austenite is 6.8 X 10~!* cm.? per sec., or four times the 
D value for molybdenum in ferrite at 935° F. The D 
value may be regarded as a measure of the mobility of 
given atom in a given solute at some specified temperature, 
so it may be assumed that the mobility of the molybdenum 
atom in austenite at 1200° F. is only about four times 
as fast as the mobility of the molybdenum atom in ferrite 
at 935° F. 

When an iron-carbon-molybdenum alloy containing 
0.50% Mo and 0.74% C is austenitized and isothermally 
transformed to pearlite at 1200° F., a carbide phase 
which conforms to the formula (Fe, Mo)ssCg is formed. 
This carbide contains 3.04% molybdenum, and the as- 
sociated ferrite contains but 0.19% molybdenum, 
whereas the average molybdenum concentration of the 
austenite was 0.50%. Diffusion of molybdenum through 
austenite to the carbide phase is necessary for the trans- 
formation to take place. Complete transformation 
from austenite to pearlite in this steel at 1200° F. re- 
quires less than 1 hr. If the mobility of the molyb- 
denum atom in austenite at 1200° F. with a D value of 
6.8 X 10~"* is sufficient to permit complete transforma- 
tion of austenite to ferrite and an iron-molybdenum 
carbide containing 3.04% molybdenum in less than | hr., 
then the molybdenum atom in ferrite at 935° F. having 
a D value of 1.7 X 10~"* should certainly have sufficient 
mobility to permit the formation of any molybdenum- 
containing carbide in a period of 5'/: yr. if that carbide 
were a stable phase. The persistence of graphite and 
the absence of a molybdenum-containing carbide after a 
period of 5'/, yr. at 935° F. cannot be explained on the 
basis of a slow rate of diffusion of molybdenum at this 
temperature. If graphite is not the stable phase at 
935° F., an explanation which does not involve the diffu- 
sion of molybdenum will be required to explain its pres- 
ence. 

The author wishes to restate that the face centered 
cubic, iron-molybdenum carbide, (Fe Mo)sC¢, cannot be 
developed in a steel containing 0.15-0.20% carbon and 
0.50% molybdenum by tempering a quenched section 
at 1300° F. for short periods of time such as one to two 
hours. We regret that we have been unable to confirm 
the presence of Mo.C in a steel containing 1.00% molyb- 
denum and 0.17% carbon but our search for this carbide 
continues. 

With regard to the last two paragraphs of the discus- 
sion, it should be understood that the test bars were 
forged rapidly at the forging temperature and that the 
finishing temperatures were well above Acs, so the bars 
could be considered to represent a normalized condition. 
The uniform, equiaxed grains of the bars indicated that 
they were not coid worked. Examination of the test 
bars which had been stressed at 1000° F. for 1000 hr. 
showed that the fine-grained heat No. 29 had a lower 
creep rate at a higher stress than coarse-grained heat No. 
41. In the as-cast «condition and after various heat- 
treatments, heat No, 29 was considerably harder than 
heat No. 41, indicating that variations in chemical com- 
positions were probably more responsible for differences 
in behavior between the two heats than were variations 
in working or heat treatment. 
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This research project was conducted in the Welding Labora- 
tories of the Rensselaer Polytechnic Institute and was sponsored by 
the Office of Production Research and Development, War Produc- 
tion Board, under WPB contract No. 193. Dr. Maurice Nelles, 
Chief Consultant, Office of Production Research and Develop- 
ment, provided direct supervision of this research. 


Summary 


HIS report describes a preliminary investigation 
of the flash welding of aluminum alloys. The 


purpose of the study was to provide a background 
of experience, using existing equipment, in preparation 
for a more thorough investigation of the process when 
equipment of higher capacity and greater versatility 
becomes available. 

The feasibility of employing existing equipment for 
flash welding the Alclad 24S-T alloy has been demon- 
strated. Certain modifications are required to improve 
the consistency of the process, and it is hoped that future 
research will provide a solution to this problem. 

The most important, and most critical, variable in 
the process was found to be the timing of the current 
cut-off with respect to upset. Best results were obtained 
when current cut-off and upset occurred simultaneously. 
Short-circuit current flow of high magnitude during up- 
set resulted in severe overaging of the material adjacent 
to the weld interface. The possibility of electronic con- 
trol over the magnitude of current flow during upset, 
with a view toward alleviating the critical nature of the 
current cut-off timing, should be thoroughly considered 
in future research. 

The amount of upset travel required to produce satis- 
factory welds was found to be important but not critical 
when held within the approximate limits, 0.090- to 
0.175-in. An upset travel of 0.125-in. was considered 
optimum. 

The magnitude of the power level during flashing and 
at upset had little effect on the weld quality as long as it 
was sufficiently high to avoid initial butting. 

Cams providing flashing travels of 0.442-in. and 
0.266-in., respectively, produced satisfactory welds, 
although the shorter flashing travel permitted a con- 
siderable saving in the amount of material burned away 
during flashing. It was found that the distribution of 
power during flashing as recorded by a high speed strip 
chart wattmeter could serve as an indication of the suit- 
ability of a particular cam contour for flash welding. It 
also indicated whether current flow continued during 
upset. 


* Final Report on The Flash Welding of Aluminum Alloys, “Preliminary 
Investigation Using 75-Kva. Motor Driven Cam-Operated Flash Welder,” to 
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The Flash Welding of Alclad 24S-T 
Alloy in the 0.064-In. Thickness 


By W. F. Hesst and F. J. Winsort 


Introduction 


The war production program has stimulated wide 
interest in the flash welding process. As a result of this 
many successful applications of the process have been 
made with materials once thought unsuitable for flash 
welding because of their physical properties or metallurgi- 
cal characteristics. Among these materials are nickel 
alloys and alloy steels. The rapid development of the 
process is the result of a more thorough understanding 
of the fundamental principles of flash welding.' 

A survey conducted recently for the War Metallurgy 
Committee indicated that aluminum flash welding 
showed promise of development although it had made 
relatively little progress to date.? According to the 
report: “‘Standardized welding techniques do not exist, 
and there is considerable difference of opinion regarding 
the proper method of welding.’’ The survey revealed 
much interest in the application of the flash welding proc- 
ess to aluminum alloys and established the need for an 
intensive research program. 

This preliminary investigation of the flash welding of 
aluminum alloys was undertaken with existing equip- 
ment to provide a background for a more extensive in- 
vestigation when higher-capacity and more versatile 
equipment becomes available. Efforts were made to 
determine the effects of the fundamental flash welding 
variables on the quality of welds in Alclad 24S-T alloy 
and to determine optimum combinations of these vari- 
ables. The following were considered to be fundamental 
variables in the process: 


1. Flashing speed, time and distance. 

2. Variation of speed during flashing by change of 
cam contour. 

Power level during flashing. 

Amount and speed of upset. 

Magnitude of upset force and current during up- 
set. 

Timing of the current cut-off with respect to up- 
set. 


FP? 


Of the above variables, the speed of upset, the magni- 
tude of upset force and the magnitude of current during 
upset were incapable of variation with the existing equip- 
ment, so their effects could not be studied. 


Material 


The investigation was limited to Alclad 24S-T alumi- 
num alloy, principally in the 0.064-in. thickness. The 
average ultimate tensile strength of this material was 
63,200 psi. The available stock consisted of strips 20 
in. long and 1 in. wide. Before welding, the strips were 
cut into 4 in. lengths. 

A few welds were made in heavier gages of this alloy, 
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Fig. 1—Circular Cam Contours 


but lack of time prevented a thorough study with this 
material. The specimen size for the 0.081-in. thickness 
was 1'/, in. by 5 in. and for the 0.102-in. thickness, 2 in. 
by 6 in. 

The reason for selecting Alclad 24S-T in preference to 
another aluminum alloy for this work was principally its 
availability, there having been insufficient time to per- 
mit ordering other alloys. Alloys of the 61S and 535 
types were highly recommended for initial tests according 
to the previously mentioned survey.’ 


Equipment 


Welds were made using a 75-kva. Federal motor- 
operated positive upset, flash welder. This type of ma- 
chine consists of a fabricated steel support upon which 
fixed and movable platens are mounted. During the 
fiashing, the movable platen is driven toward the fixed 
platen by a cam and follower arrangement. The dis- 
tribution and amount of flashing are governed by the 
shape of the driving cam. Different flashing times may 
be obtained by changing the rate at which the cam is 
driven. Upset is of the positive type and is applied at 
the end of flashing by means of a hardened steel block 
inserted in the driving cam. Different values of upsct 
travel may be obtained by inserting shims behind the 
steel block. 

The power supply to the welding machine was ob- 
tained from a 350-kva. generator driven by a 4000-volt 
synchronous motor. The use of a motor-generator set 
made it possible to continuously vary the current de- 
livered by the welding machine by changing the primary 
voltage. The time during which the welding trans- 
former was energized was controlled by means of cam- 
actuated limit switches operating a magnetic contactor. 
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It was possible to adjust the time of current cut-off with 
respect to upset at the end of flashing to within one cycle 
with this system. 

Flat, hard-drawn copper, water cooled dies were used 
to conduct current to the pieces to be welded. The work 
was held in the dies by means of air-operated clamps. A 
fixture was devised to permit accurate alignment of the 
stock in the dies and to provide the proper«nitial gap be- 
tween the pieces to be welded. 

The flash welds were evaluated metallographically and 
by testing in tension using a Southwark Emery 60,000- 
Ib. capacity hydraulic testing machine operating at a 
loading rate of 0.13-in. per minute. The residual ‘‘flash’’ 
from the welding operation was left on the specimens 
during testing. 

The power level during flashing and at upset was deter- 
mined by means of an Esterline-Angus rapid recording, 
strip chart a.-c. wattmeter. This instrument was con- 
nected to the primary circuit of the welding machine by 
means of a suitable current transformer. Recording 
speeds up to 6 in. per second are available with this type 
of equipment, although a speed of 3 in. per second was 
used throughout this investigation. The wattmeter 
records also permitted a determination of the flashing 
time and an approximate determination of the time 
interval between the instant of upset and the cut-off of 
current. The area beneath the power curve is a measure 
of the total energy consumed in making a weld. The 
distribution of flashing as shown by a wattmeter record 
can also be used to determine defects in the contour of 


, the cam which controls flashing. 


An electromagnetic oscillograph was used to determine 
accurately the time relationship between the start of 
upset and the cut-off of current. — 


40 


36 


TT 


24+— 


20 


WELD STRENGTH - LBS. PER SQ IN 7/1000 


2 3 4 5 
TIME FROM START OF UPSET TO CURRENT CUT-OFF 
CYCLES 


Fig. 2—Effect of Timing of Current Cut-Off with Respect to Upset 
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Procedure and Results 


Effect of Time Relationship Between Upset and Current 
Cut-Off 


In their investigation of the flash welding of nickel 
alloys, Hess and Muller determined that the time of cur- 
rent flow during upset had a pronounced effect on weld 
properties." They declared it essential that this vari- 
able be properly adjusted before any attempts are made 
to determine the effects of other flash welding variables. 
Thus.the first step of the present investigation was 
clearly outlined, namely to determine the effect on weld 
properties of the time relationship between the cut-off 
of current and upset. 

Two cam shapes to control the flashing operation were 
used in this investigation. The shapes and flashing dis- 
tances of the cams are shown in Fig. 1. Since Cam No. 1 
had been found to give more satisfactory results than 
Cam No. 2 in flash welding nickel alloys,’ it was con- 
sidered advisable to start the investigation with Cam 
No. l. 

With the aid of information from Smith’s advisory 
report,” practicable values of upset travel, final die 
spacing and flashing time were selected for welding the 
0.064-in. thickness. The following conditions were used 
to determine the effect on the weld strength of the time 
interval between current cut-off and upset: 


Flashing travel: 0.442-in. (Cam No. 1) 
Flashing time: 2.6 sec. 

Open Circuit Secondary Voltage: 5.17 
Upset Travel: 0.094-in. (*/32 in.) 

Final Die Spacing: 0.094-in. (*/ in.) 


Figure 2 shows the weld strength plotted as a function 
of the interval between the start of upset and the current 
cut-off. The maximum strength was obtained when the 
current was cut off '/. cycle before upset. Later tests 
have revealed, however, that the current should be cut 
off exactly at the moment of upset. In this case the 
+'/, cycle variation in timing inherent in the equipment 
will result in the least variation in weld properties. It is 
especially important to note from Fig. 2 how rapidly the 
weld strength decreases with increasing time of current 
flow during upset. The graph also shows that cutting 
the current off too soon is likewise detrimental to the 
weld strength. 

The strengths for the series of welds plotted in Fig. 2 
were not so high as those obtained from later series of 
welds. This was probably due to improper alignment 
of the material in the dies. This was subsequently reme- 
died by the use of a fixture. With the same cam and 
the current cut-off adjusted to occur simultaneously with 
upset, parallel alignment of the material resulted in in- 
creasing the average weld strength from about 30,000 
psi. to 52,000 psi. 

Since it was shown that the timing of the current cut- 
off with respect to upset had such a pronounced effect 
on the weld strength, it was considered essential to verify 
the results with further tests. Cam No. 2 was used in 
order to reduce the amount of metal burned off during 
flashing, and also to determine whether its contour was 
satisfactory for flash welding aluminum. This cam pro- 
vides a flashing travel of 0.266 in. as shown in Fig. 1. 
The other welding conditions remained the same. 

Figure 3 shows the weld strength plotted as a function 
of the time interval between the start of upset and the 
current cut-off. In this case the peak of the curve occurs 
when the current cut-off and upset are simultaneous. 
The same sharp reduction in strength occurred when 
the current was cut off too early or when it remained on 
after upset. The weld strengths at the peak of the 
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Fig. 3-—Effect of Timing of Current Cut-Off with Respect to Upset 


curve in Fig. 3 indicate that remarkably high joint effi- 
ciencies are possible in the flash welding of this alloy. 

In addition to determining the effect of the timing of 
the current cut-off on the weld strength, it was desired 
to determine its influence on the metallurgical char- 
acteristics of the welds. In Fig. 4 are presented photo- 
micrographs showing the influence of the timing of the 
current cut-off with respect to upset upon the metal- 
lurgical characteristics of the welds. Figures 4a and D 
show the metallographic structure resulting from leaving 
the current on approximately 3 cycles after upset. In 
this case the joint was not welded, and the photomicro- 
graphs show a section of one of the pieces. The pictures 
show heavy precipitation of the age-hardening constitu- 
ents for a considerable distance from the interface out 
into the parent sheet. This severe overaging undoubt- 
edly accounts for the failure to weld the joint. Close 
study of the 200X photomicrograph, Fig. 4), reveals 
several zones varying in metallurgical characteristics 
according to the distance from the fractured interface. 
The zone adjacent to the interface, having a width of 
approximately one in. in the picture, appears to be made 
up of a Widmannstatten structure of precipitated 
CuAl. If this were a dendritic cast structure, a region 
of incipient grain boundary fusion beyond this zone 
would be expected. In this region of Widmannstatten 
structure, precipitation was so heavy as to obscure the 
original grain boundaries. Beyond the Widmann- 
statten structure is another zone, about an inch in width 
in the photomicrograph, which has been subject to 
slightly less precipitation and of a less ordered form. 
The original grain boundaries are observed to extend 
through this zone and to the edge of the Widmann- 
statten structure. Precipitation is confined chiefly to 
the grain areas, there probably having been insufficient 
time to permit CuAl, to diffuse to the grain boundaries 
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and agglomerate there. Next away from the interface 
is a zone which begins to appear more like the parent 
metal but which is also slightly overaged. Light precipi- 
tation within the grain areas of this region is visible 
in the 200 photomicrograph, Fig. 4). Beyond this 
zone of slight overaging is the unaffected parent metal 
which is not visible in Fig. 4b. The demarcation be- 
tween the heat-affected region and the unaffec.ed metal 
is about '/, in. from the interface in the 25 photo- 
micrograph, Fig. 4a. 

The conclusion to be drawn from a study of Figs. 4a 
and 6 is that in flash welding Alclad 24S-T a high short- 
circuit current flow for as short a time as 3 cycles after 
upset has a very harmful effect on the weld properties. 
Severe overaging resulting from even short-time ex- 
posure to temperatures just below the solution heat 
treatment temperature of this alloy results in a brittle 
metallurgical structure of low strength. 

Figures 4c and d are photomicrographs of a flash weld 
made with the current cut-off occurring 1'/2 cycles after 
upset. The 25 X picture, Fig. 4c, shows a dark zone at 
the weld interface which the 200 photograph, Fig. 4d, 
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Fig. 4 (Continued)—Effect of Time Relationship Between Current Cut-Off and Upset 
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taken at the center of the weld, reveals to be a region 
which has been overaged. Note how the original grain 
boundaries extend through this region in a manner cor- 
responding to that previously observed in the zone adja- 
cent to the Widmannstatten structure of Fig. 4b. A 
weld having a metallographic structure of the type 
indicated in Figs. 4c and d would have a tensile strength 
of the order of 13,000 psi., or about 20% of the ultimate 
tensile strength of the parent material. 

Figures 4e and f reveal the metallurgical characteristics 
of a weld made at what is considered to be the optimum 
time of current cut-off with respect to upset. That, is 
the cut-off of current and the start of upset occurred 
simultaneously. The 25X photomicrograph, Fig. 4e, 
reveals a very narrow black line which denotes the weld 
interface. The width of this line may be seen to increase 
somewhat at the top and bottom of the weld indicating 
that the forging effect due to upset is not uniform over 
the cross section. As shown in Fig. 4f, a 200 photo- 
micrograph taken at the center of the weld, most of the 
fine black line previously observed in the 25X picture is 
due to the distortion of the grains at the interface. The 
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grains are highly elongated, and this elongation is ac- 
companied by a considerable reduction in the width of the 
grains, causing the boundaries to lie closer together. At 
a magnification of 25X these individual boundaries are 
not resolved, and a number of long, narrow grains appear 
as a dense, black line defining the weld interface. In 
the 200X photomicrograph, Fig. 4f, a very narrow 
string of oxide inclusions is perceptible. With the in- 
herent limits of accuracy with which the time interval 
between current cut-off and upset may be controlled, 
that is +'/, cycle, a certain amount of defective metal- 
lurgical structure will result even when conditions are 
considered to be optimum. Thus a small amount of 
overaging or a smal! amount of oxide inclusion may 
have to be tolerated. A slightly greater amount of up- 
set might have improved this structure, by removing the 
oxide inclusions. A weld having a metallurgical struc- 
ture as indicated by Figs. 4e and f would be expected to 
have a strength of about 56,000 psi., or about 90% of 
the ultimate tensile strength of the parent material. 

Figures 4g and / are presented to show the effect on 
the metallographic structure of cutting the current off 
slightly before upset. In this case current flow stopped 
1 cycle before the start of upset. Figure 4g, at 25x, 
shows a dark band at the weld interface which in the 
200X photomicrograph, Fig. 4h, is revealed to be a zone 
of oxide inclusion. When the current is cut off before 
upset, air is admitted to the molten surface and oxidation 
takes place. Some of the oxide layer is then trapped at 
the weld interface during upset. Welds made under 
conditions similar to those for the weld shown in Figs. 
4g and h had an average tensile strength of 26,000 psi., 
or 40% of the strength of the parent metal. The 
strength consistency was very poor, however, probably 
as a result of differences in the amount of oxide trapped 
at the weld interface. 

Figures 44 and j show the structure of a flash weld 
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made with the current cut-off occurring 2 cycles before 
upset. This particular weld fractured with no strength, 
and the pieces were placed together for photographiny. 
Figure 4j, at 200X, reveals a metallographic structure 
similar to that of Fig. 4h, previously discussed. In the 
present case, however, a large amount of the oxidized 
layer fell away when the pieces were picked up, so the 
actual width of the oxidized zone was somewhat greater 
than shown in the photomicrograph. Other welds made 
under the same conditioris as those used for the weld in 
Figs. 4¢ and j apparently were less badly oxidized for 
their strengths varied from 8000 to 34,000 psi. 

The photomicrographs presented in Fig. 4 tend to 
emphasize strongly the importance of proper timing of 
the current cut-off with respect toupset. This is particu- 
larly true when welding with equipment of the type 
used for this investigation in which there is no contro] 
over the magnitude of current flow during upset. Con- 
sideration is now being given to electronic methods of 
controlling the magnitude of the short-circuit current 
which flows during upset If such a provision is feasible, 
it may well be that control over the magnitude of cur- 
rent flow during upset will permit adjusting the current 
cut-off to occur after the start of upset. Thus a wider 
variation in this timing might be permissible. 

When the full value of short-circuit current is allowed 
to flow during upset, as is the case with the present equip- 
ment, leaving the current on after upset is more harmful 
to the weld strength than if it were cut off for the same 
interval before upset. However, it is poor practice to 
permit the inclusion of oxides in the weld since the 
deterioration of the metallurgical structure caused 
thereby cannot be remedied by subsequent heat treat- 
ment. On the other hand, the effects of the overaging 
of the regions adjacent to the weld interface, if not 
allowed to proceed to an advanced stage by leaving the 
current on too long, might be remedied by a solution 
heat treatment. 


Effect of Upset Travel 


The purpose of this phase of the investigation was to 
determine the effect of the upset distance on the metal- 
lurgical structure and strength of the welds. A series 
of welds was made at varying upset distances using the 
following welding conditions: 


Flashing travel: 0.442 in. (Cam No. 1) 
Flashing time: 2.6 sec. 

Open Circuit Secondary Voltage: 5.17 
Current off at upset. 


The results of the tensile tests, plotted as a function of 
the upset travel, are shown in Fig. 5. The graph shows 
that strengths in excess of 52,000 psi. were obtained 
within the range of upset travel from 0.090 to 0.175 in. 
The peak in the curve occurred at an upset travel of 
0.132 in., which is approximately '/s in. The graph 
shows that the amount of upset distance to be used for 
0.064-in. Alclad 24S-T is important but not especially 
critical. As long as the upset travel! was sufficient to 
squeeze out the flashed and oxidized material and yet 
not so great as to cause severe deformation of the weld 
zone, the results were satisfactory. 

Figure 6 is a series of photomicrographs presented to 
show typical metallographic structures of flash welds 
made under conditions similar to those used for the welds 
from which the data for Fig. 5 was obtained. 

Figures 6a and b are photomicrographs of a weld made 
with an upset travel of 0.060 in. Figure 6a, at 25x, 
shows a black line defining the weld interface which is 
revealed at 200X in Fig. 6b to be a band of oxide inclu- 
sions. 

Figures 6c and d reveal the structure of a weld made 
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with an upset travel of 0.107 in. Here again the 200X 
picture, in this case Fig. 6d, shows trapped oxides at the 
weld interface, but the thickness of this oxidized zone is 
considerably less than previously observed in Fig. 60, 
for the 0.060-in. upset. This upset travel is only slightly 
greater than the minimum acceptable for 0.064-in. ma- 
terial. 

Figures 6e and f, for an upset distance of 0.153 in., are 
photomicrographs of a weld made with an upset distance 
which is slightly greater than the optimum shown in 
Fig. 5. A trace of oxide is visible in Fig. 6f, possibly 
due to the current cut-off occurring a fraction of a cycle 
before upset. 

Figures 6g and h show pronounced changes in the 
metallographic structure of the weld as the upset travel 
is increased beyond that required to squeeze out the 
oxides at the interface. For the weld shown in these 
photomicrographs the upset travel was 0.196 in. Figure 
6g, at 25X, shows V-shaped zones of very heavily 
worked material extending upward and downward from 
the center of the weld. At the edges and within these 


V-shaped zones may be seen black pits of various shapes, 
These pits are actually intergranular cracks caused by 
the severe working of the metal while it was in a condi- 
tion of hot-shortness. Enlarged views of these cracks 
showing how they follow the grain boundaries are shown 
in Fig. 64 at 200X. It is highly interesting to note the 
difference in structure at the center of this weld as com- 
pared with that of the weld shown in Figs. 6e and f. 
With the shorter upset travel used in making the latter 
the grain boundaries are highly elongated in the direction 
ot the weld. The amount of upset applied in making 
the weld shown in Figs. 6g and h, however, while causing 
some reorientation of the grains at the center of the weld, 
did not result in nearly as much deformation there as re- 
sulted from shorter upset distances. The grains which 
were severely hot worked were forced out from the center 
of the weld:into the V-shaped zones. 

Figures 61 and j show the results of a very excessive 
upset distance upon the weld structure. In this case 
the upset distance was 0.243 in. The structure is 
sitnilar to that previously described in connection with 
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Fig. 6 (Continued)—Effect of Upset Travel 
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Figs. 6g and h, but the more severe working in the pres- 
ent case has resulted in more grain boundary fragmenta- 
tion, 

In summarizing this study of the effect of upset travel 
on the quality of flash welds in 0.064-in. Alclad 24S-T it 
may be stated that there is an optimum range of upset 
distances, the use of which may be expected to produce 
high quality welds, other conditions assumed to be 
proper. Insufficient upset travel resulted in entrap- 
ment of oxides at the weld interface, whereas excessive 
upset travel produced intergranular cracking due to up- 
setting the metal while in a hot-short condition. 


Effect of Power Level 


Two methods were employed for varying the power 
level in order to determine the effect of this variable 
upon the weld strength. In one case the power level was 
varied by changing the transformer tap setting and the 
applied primary voltage. In the other method the 
power level was changed by changing the speed of flash- 
ing, keeping the transformer tap setting and primary 
voltage constant. 

The following conditions were used for determining 
the effect of power level by changing the transformer tap 
setting and applied primary voltage: 

Flashing travel: 0.442 in. (Cam No. 1) 

Flashing time: 2.6 sec. 

Upset travel: 0.094 in. 

Current off at upset. 


Table 1 shows the effect of varying the transformer 
tap setting and the applied primary voltage on the open 
circuit secondary voltage and the power level at upset. 

The power level during flashing and at upset may be 
obtained from the record drawn by a high-speed record- 
ing wattmeter. A typical record taken during this 
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Table 1—Effect of Varying the Transformer Tap Setting and 
the Primary —— on the Open Circuit Secondary Voltage 
and the Power Level at Upset 


Transformer Applied Open Circuit Power Level 
Tap Primary Secondary at Upset 
Setting Voltage Voltage Kw. 
1 380 3.41 2.37 
1 445 4.00 2.48 
2 440 4.50 2.45 
3 435 5.00 2.54 
4 430 5.50 2.51 
5 425 6.00 2.60 
6 425 6.50 2.63 
6 455 7.00 2.76 
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phase of the investigation is shown in Fig. 9a. The peak 
in the power curve which occurs about '/, second after 
the start of flashing and which is followed by a consider- 
able dip in the power level is believed to be the result of 
an improper cam contour. As will be noted from the 
cam shape characteristics plotted in Fig. 1, the accelera- 
tion provided by Cam No. 1 for the first 50° of angular 
displacement is much greater than for the second 50°. 
This initial acceleration appears to be slightly too great 
for flash welding 0.064-in. Alclad 24S-T. 

In Fig. 7 the average unit strength of the welds is 
plotted as a function of the power level at upset. All 
the strengths were well within the limits of consistency 
to be expected from the process, and no trend is indi- 
cated by changing the power level. As will be observed 
from Table 1, increasing the open circuit secondary 
voltage by about 100% resulted in only a 16% increase 
in the power level at upset. It was felt that such a 
slight change in power level could hardly be expected to 
affect the results appreciably. 

In order to obtain a greater variation in power level 
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Consistency of Weld Strengths 


In order to determine the consistency 


——— of weld strengths obtainable with each 
== of the two driving cams, a series of 


welds was made with each cam. The 
——- following welding conditions were used 
with Cam No. 1: 


Flashing travel: 0.442 in. 


Flashing time: 2.6 sec. 
Upset travel: 0.094 in. 


Open circuit secondary voltage: 5.17 


Current off at upset. 


(The reason for the 0.094-in. upset 
travel instead of 0.125-in. is that this 


particular consistency test was made 


at upset, it was decided to vary the speed of flashing 
rather than the transformer tap settings and primary 
voltage. The conditions which were used were as fol- 
lows: 


Flashing travel: 0.266 in. (Cam No. 2) 
Flashing time: varied 

Upset Travel: 0.125 in. 

Open circuit secondary voltage: 5.17 
Current off at upset. 


This study was made after it had been demonstrated 
that Cam No. 2, with its shorter flashing travel, would 
give as satisfactory results as were obtained with the 
long flashing travel provided by Cam No. 1. 

The effect of varying the flashing time on the power 
level at upset is shown in Table 2. In this case a reduc- 
tion of 65% in flashing time raised the power level at 
upset by 39%. 

The results of the tensile tests are shown in Fig. 8. 
The low average strengths obtained at the two lower 
power levels are not significant, probably being due to 
variations in the timing of the current cut-off with re- 
spect to upset. The lowest power level was sufficiently 
high to avoid initial butting. Welds having strengths 
as high as those obtained with the two higher power 
levels have been obtained at the lower 
power levels also. Figure 8, therefore, 
indicates that, in contrast with observa- 
tions made in flash welding other 


before the effect of upset travel had 
been thoroughly studied). 

The strength consistency data for 
the ten welds in this series are tabulated 
in Table 3.- A coefficient of varia- 


Table 2—Effect of Varying the Flashing Time on the Power 
Level at Upset 


Flashing Power Level 
Time, at Upset 
Sec. Kw. 
2.6 2.05 
2.3 2.26 
1.8 2.67 
2.84 


tion of 6.6% is considered to be highly satisfactory at 
this stage of development of the process. Unfortu- 
nately, as the data for the welds made with Cam No. 2 
will indicate, this is not always the case because of a 
slight shift in some variable which is difficult to prevent 
with the existing equipment. 


The following welding conditions were used with Cam 
No. 2: 


Flashing travel: 0.266 in. 

Flashing time: 2.7 sec. 

Upset travel: 0.125 in. 

Open circuit secondary voltage: 5.17 
Current off at upset. 


WATTMETER RECORD - CAM NO. 2 


materials, the power level is of rela- 


tively small importance in flash weld- 


ing aluminum alloys. The power level, 
of course, should be sufficiently high 


to avoid butting at the start of the 


flashing period. Coarse flashing caused 


by high power levels appears to have 


no particularly detrimental effect on 


the quality of flash welds in Alclad 


24S-T, at least within the limits in- 


vestigated. 


In Fig. 9b is presented a typical 
wattmeter record obtained in the 


course of this latter study with Cam 


No. 2. The shape of the power curve 
indicates that the cam contour pro- 
vides a reasonably good flashing dis- 
tribution for welding this alloy. 
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The strength consistency data are tabulated in Table 
4. The coefficient of variation of 17.0% obtained with 
this series of welds was far from satisfactory. Analysis 
of the oscillographic and wattmeter records taken during 
the welding revea'ed a considerable variation in the tim- 
ing of the current cut-off with respect to upset, although 
the machine settings were the same for all welds. The 
major variations in weld strength can be shown to be due 
to these variations in current cut-off timing with but one 
exception, that of weld number 7. 

As shown in Table IV, all welds made with current 
cut-off and upset occurring simultaneously, except weld 
number 7, had high strengths. The average strength 
of weld numbers 1, 5, 11, 12 and 13 was 54,500 psi., with 
maximum and minimum values at 50,000 and 59,700 
psi., respectively. The average strength of weld num- 
bers 2 and 4, in which the current cut-off occurred '/, 
cycle before upset, was 49,500 psi. Weld number 3, 
with 1 cycle between current cut-off and upset, had a 
strength of 48,300 psi. Weld numbers 6 and 9, with 
1 cycle of current flow after upset, averaged only 38,900 
psi. in strength. Weld number 10, with 11/2 cycles of 
current flow after upset, had a strength of only 32,100 psi. 

It must be remembered that the residual flash from 
the welding operation was not ground off before testing 
these welds, and differences in the amount of reinforcing 
effect due to this extra metal could have an appreciable 
influence on the strength consistency. In view of this 
the spread in strengths between 50,000 and 59,500 psi. 
for weld numbers 1, 5, 11, 12 and 13 is to be expected. 

As mentioned previously in this report, the major 
factor in preventing consistent production of high qual- 
ity welds is believed to be the inconsistency in timing of 
the current cut-off with respect to upset. If a method 
can be devised to limit the magnitude of short-circuit 
current flow during upset, it should help to decrease or 
possibly even eliminate overaging. This would permit 
adjusting the current cut-off to occur after upset which 
in turn would eliminate the possibility of including 
oxides in the welds. 


Flash Welding of 0.081-In. and 0.102-In. Alclad 24S-T 


A few attempts were made to weld heavier gages of 
Alclad 24S-T to determine whether major changes in 
conditions would be required to produce satisfactory 
welds. The following conditions were used in welding 
the 0.081-in. thickness: 


Flashing travel: 0.266 in. (Cam No. 2) 
Flashing time: 1.7 sec. 


Table 3—Weld Strength Consistency—Cam No. 1 


Unit 
Weld Strength, (S — A)/10? 
No. Psi. (A = 46,000) (S — A)?/104 
1 56,000 100 10,000 
2 54,200 82 6,724 
3 51,200 52 2,704 
4 51,200 52 2,704 
5 54,300 83 6,889 
6 56,000 100 10,000 
7 48,300 23 529 | 
8 46,100 1 1 
9 55,600 96 9,216 
10 48,300 2: 529 
Av. 52,100 61.2 4,929.7 
S— A}? = 3,745.44 
10? = 1,184.26 X 104 


¢= 34.4 X 10? 
3440 X 100 


=> — —— 
Cs 52,100 6.6% 
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Table 4—Weld Strength Consistency—Cam No. 2 


Time from 

Upset to 

Current Unit 

Weld Cut-Off Strength, (S — A)/10? 
No. Cycles Psi. (A = 32,000) (S — A)?/10¢ 
1 0 50,000 180 32,400 
2 — I/, 51,100 191 36,481 
3 a 48,300 163 26.569 
4 — '/, 47,900 159 25,281 
5 0 51,100 191 36,481 
6 1 40,200 2 6,724 
7 0 37,300 53 2,809 
8 54,200 222 49,284 
9 1 37,600 56 3,136 
10 1'/, 32,100 1 1 
11 0 59,700 77 76,729 
12 0 57,700 257 66,049 
13 0 54,000 220 48,400 
Av. 47,800 157.8 31,564.9 
[ 102 | = 24,900.84 
o* = 6,664.06 X 104 
81.7 X 10? 
8170 X 100 go, 


Upset travel: 0.125 in. 
Open circuit secondary voltage: 9.48 
Current off at upset. 


These conditions produced welds having an average 
tensile strength of about 47,000 psi. The wattmeter 
records indicated slight initial butting which was not 
relieved by decreasing the flashing speed or raising the 
current. 

These same welding conditions were used with the 
0.102-in. thickness with unsatisfactory results. Very 
bad initial butting occurred, and this could not be pre- 
vented by. decreasing the flashing speed or raising the 
current. Further work might reveal that new cam con- 
tours providing somewhat lower accelerations at the 
start of flashing are necessary for welding these thicker 
materials. It might also be found that some special end 
preparation is required to reduce the initial contact 
area. Open circuit secondary voltages higher than 12.5, 
the maximum obtainable with the present equipment, 
would also be expected to help eliminate the butting 
tendency. 


Conclusions 


As a result of this preliminary investigation of the 
flash welding of aluminum alloys made with Alclad 24S-T 
alloy in the 0.064-in. thickness it may be stated that: 

1. Existing equipment may be used for flash welding 
aluminum alloys provided it has sufficient capacity for 
the section to be welded. 

2. The most important, and also the most critical, 
variable in flash welding Alclad 24S-T is the timing of the 
current cut-off with respect to upset. Best results were 
obtained when the current cut-off and upset occurred 
simultaneously. 

3. The amount of upset travel at the end of flashing 
is also an important variable but is less critical than the 
timing of the current cut-off. The optimum value for 
0.064-in. Alclad 24S-T was found to be about 0.125-in. 

4. The magnitude of the power level during flashing 
had little effect on the results as long as it was sufficiently 
high to prevent serious initial butting. 

5. Exact limits of the amount of flashing travel re- 
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quired to produce satisfactory flash welds were not 
established. Cams providing flashing travels of 0.442- 
in. and 0.266-in., respectively, both gave satisfactory 
results. The use of the latter cam effected a consider- 
able saving in the amount of material burned away dur- 
ing flashing. 

6. The consistency of weld strengths obtained with 
the present equipment depended largely upon the accur- 
acy with which the timing of current cut-off with respect 
to upset was reproduced from weld to weld. 

7. The possibility of electronic control over the mag- 


nitude of short-circuit current flow during upset with a 
view toward alleviating the critical nature of the timin 
of the current cut-off with respect to upset should be 
thoroughly considered in future research. 
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An Investigation of Current Wave-Form 
for Spot Welding Alclad 24S-T, 
0.020 In. in Thickness 


By W. F. Hess', R. A. Wyantt and B. L. Averbacht 


Introduction 


HIS report describes the first of a series of in- 
vestigations of .urrent wave-form for spot weld- 
ing aluminum alloys. The original object of this 
investigation was to determine the effects of varying the 
rate of current rise in spot welding 0.020-in., Alclad 
24S-T with condenser-discharge equipment. Two wave- 
forms were investigated. In one the current rises at an 
average rate of 10,400 amp. per milli-second. In the 
other the current rises at an average rate of 2250 amp. 
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per milli-second. The two wave-forms also differ with 
respect to the time during which the current is near the 
peak,value, as shown in Fig. 1. 

The investigation quickly developed into something 
more complex than a study of wave-form alone. It was 
found that there are certain conditions of electrode tip 
shape, electrode pressure, surface treatment and current 
wave-form at which it is impossible to produce sound 
crack-free welds without the frequent appearance of dud 
welds in which there is very little or no fusion extending 
across the plane of the faying surfaces. As a result of 
this discovery all four of the above factors were studied 
simultaneously. Dome-shaped electrode tips of 1, 
2'/, and 4 in. radius were investigated at a number oi 
pressures. Two types of surface treatment were 
studied. One consisted of wire brushing and the other 
consisted of chemically treating to produce the desired 
surface resistance and at the same time retain the bright 
mill finish. 

Characteristics showing weld shear strength as a 
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Fig. 3—Comparison of Wave-Forms with Respect to Rate of 
Current Increase 


function of peak current were obtained for selected 
combinations of the above four factors. The presence 
of cracks was determined by radiography and the occur- 
rence of dud welds was determined by examination of 
the shear test fractures. “The results include several ex- 
amples of the critical condition mentioned above. This 
condition and ways of avoiding it are fully discussed 
later in the report. The results also show that current 
wave-form affects the rate of increase in weld strength 
with peak current and the distribution of current over the 
contact area. 


Welding Equipment 


The welding equipment being used in this investiga- 
tion consists of a welder furnished by the Federal Ma- 
chine and Welder Co. and a special weld-power unit built 
by the Raytheon Manufacturing Co. for the U. S. Army 
Air Corps, Matériel Division. ‘The welder is a standard 
type, P2-30-RA, press welder designed for condenser- 
discharge welding of aluminum alloys. It is particularly 
well suited to this work due to the flexible arrangement 
of the transformer connections. The transformer prim- 
ary consists of six coils of 48 turns each and two center- 
tapped coils of 55 turns each. The terminals of all the 
coils are readily accessible so that the coils can be con- 
nected in any desired combination. Electrode follow-up 
is provided for by means of rubber cushions in the upper 
electrode assembly, which is typical of Federal welders 
of this type. Normally this type of welder is operated 
in such a manner as to weld at a predetermined point in 
the compression of the rmibber cushions or, in other 
words, at a predetermined point on a rising pressure 
characteristic. This method of operation, however, 
could not be used in this investigation due to the nature 
of the control circuit employed. This circuit inherently 
delayed the passage of welding current until the pressure 
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characteristic leveled off at a constant value. With the 
exception of one series of welds all the welding in this 
investigation was done at constant electrode pressure. 

The weld-power unit was designed specifically for ex- 
perimental purposes.‘ It consists of a rectifier, three 
banks of condensers, a current control circuit and a 
sequence circuit. The current control circuit provides 
for discharge of the condensers simultaneously or in two 
or three groups through the primary winding of the weld- 
ing transformer and also for passage of alternating cur- 
rent for preheating, postheating, etc. The current con- 
trol circuit is shown schematically in Fig. 2. The six 
tubes are of the mercury pool cathode, dielectric ignition 
type (Raytheon RX-226).! Tubes 1 and 2 control the 
flow of alternating current through the transformer 
primary. Tubes 3, 4 and 5 control the discharge of the 
three condenser banks through the transformer primary. 
Following the discharge of a condenser, the inductance of 
the transformer would normally cause the primary cur- 
rent to continue flowing until the condenser was partially 
recharged with the opposite polarity. To prevent this 
reversal of charge and to prolong the decay of current in 
the secondary circuit, tube 6 is connected so as to provide 
a shunt path across the transformer primary imme- 
diately after the condenser becomes completely dis- 
charged. Tubes 3, 4 and 5 are generally referred to as 
the “‘series’”’ tubes and tube 6 as the “‘shunt’’ tube. 

The circuit for timing the ignition of the six current 
control tubes is not shown because it is not essential for 
the purposes of this report. For the same reason the 
rectifier and voltage control circuits are not shown. 
However, it should be pointed out that in this circuit all 
three condenser banks are charged to the same voltage 
which is determined by the adjustment of the rectifier 
control circuit. 


Operation of Welding Equipment 


The two current wave-forms, which were investigated, 
are produced by the discharge of a single bank of con- 
densers (C;) through tube 3 and with tube 6 functioning 
as described above. The two wave-forms are shown in 
Fig. 1 and an analysis in terms of the rate of current 
increase is presented in Fig. 3. In the two wave-forms 
the initial rates of current rise do not differ greatly. 
However, after about 1 milli-second the rapidly rising 
current increases to its maximum value at a rate which is 
three or four times the maximum rate of increase of the 
slowly rising current. In the former wave-form the 
current exceeds 80% of its maximum value for 3 milli- 
seconds. In the latter wave-form the corresponding time 
is 12 milli-seconds. These differences in rate of current 
rise and time during which the current is near its maximum 
value, are believed to be the most important differences 
between the two wave-forms. It is interesting to observe 
that in each wave-form the initial rate of current rise is 
less than that for a 60-cycle a.-c., '/»-cycle wave having 
the same maximum value of current. Data pertaining 
to the machine settings and wave-forms employed in this 
investigation are summarized in Tables 1 and 2. The 


Table 1—Values of Machine Settings 


Condenser 
Condenser Capacitance, Transformer 
Wave-Form Tube Voltage Mfd Turns Ratio 
Slowly rising 3 1500-2000 150-450 370 
Rapidly rising 3 1500-2000 450-900 48 
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Welding Conditions Peak Current, Amp. To Peak 


1-In. radius tip 18,900 6.3 
400 Lb. 


Slow rise 


1-In. radius tip 24,000 2.32 
400 Lb. 


Rapid rise 


2}/2-In. radius tips 18,000 9.3 
500 Lb. 
Slow rise 


2'/.-In. radius tips 27,700 ; 2.66 
500 Lb. 
Rapid rise 


4-In. radius tips 20,500 11.3 
600 Lb. 


Slow rise 


4-In. radius tips 33,000 | 3.10 
600 Lb. 
Rapid rise 


35,000 4.17 


Table 2—Analysis of Current Wave-Forms 
Time, Milli-seconds 


* Total time from start of welding current until decay to 10% of peak value. 


Rate of Current Rise, Amp. per Milli-secong 


Total* Initial Maximum Average 
35 5,570 5,570 3,000 
29 7,200 16,400 10,300 
42 3,890 3,890 1,940 
33 7,100 15,500 10,400 
40 3,920 3,920 1,800 
31 6,900 15,800 10,600 

8.3 13,200 13,200 8,400 


rapidly rising wave-form was obtained by using condenser 
capacities of from 450 to 900 mfg. with a transformer 
turns ratio of 48. . The slowly rising wave-form was ob- 
tained by using condenser capacities of from 150 to 450 
mfd. with a transformer turns ratio of 370. The actual 
condenser capacity used was determined by the electrode 
tip shape and pressure being investigated. For both 
wave-forms the peak value of current was controlled by 
varying the condenser voltage within a range of from 
1400 to 2200 v. 


Preparation of Specimens 


All of the specimens used in this investigation were 
first degreased. Following this operation the specimens 
were either subjected to wire brushing or a chemical 
treatment which leaves the surface with a bright mill 
finish. The wire brushing was done with equipment and 
in a manner described in an earlier report.2, The chemi- 
cal treatment was accomplished by means of several 
commercial and experimental solutions. These solutions 
will be discussed in another report which will also de- 
scribe the equipment and method used in making sur- 
face-resistance measurements. For the purpose of this 
report it is sufficient to say that for each series of welds 
enough surface-resistance measurements were made to 
determine the effectiveness of the surface treatment to 
which the specimens were subjected. 


Procedure 


The experimental procedure consisted of obtaining a 
series of strength-current characteristics showing, not 
only how weld strength varies with peak current, but 
also where dud welds and cracking occur. Typical char- 
acteristics are shown in Fig. 4. The number near each 
curve represents the surface-resistance value for that 
curve. The term ‘dud weld” is applied to welds in 
which there is very little or no fusion extending across 
the plane of the faying surfaces. Such welds depend 
to a large extent upon the bonding of the cladding for 
their strength. While dud welds may be equal in shear 
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strength to welds in which there is more fusion, they 
always fail more suddenly and with less warning. 

In obtaining each characteristic an effort was made to 
select five values of current coverjng a range from values 
which produced dud welds to values which were ex- 
cessive. While in a few instances these efforts were not 
100% successful, the current ranges covered were satis- 
factory for the purposes of this report. In those in- 
stances where the characteristics do not show the 
occurrence of dud welds it is certain that the next lower 
value of current would have produced such welds. Like- 


Table 3—Summary of Welding Conditions Investigated 


Elec- 
trode 
Tip Surface 
Dome Electrode Rate of Re- See 
Radius, Pressure, Current Surface sistance Fig. 
In. Lb. Rise Treatment Microhms No. 
4 600 Rapid Wire brushed 10 4 
Rapid Chemical 16 
Slow Wire brushed 10 
Slow Chemical 29 
4 600 Rapid Chemical 36 5 
Rapid Chemical 58 
Rapid Chemical 88 
Slow Chemical 36 
Slow Chemical 122 
Slow Chemical 554 
Slow Chemical 812 
4 400 Rapid Chemical 12 6 
Rapid Chemical 10 
we 
1170 forge Rapid Chemical 17 
21/, 500 Rapid Wire brushed 10 7 
Rapid Chemical 12 
Slow Wire brushed 10 
Slow Chemical 10 
21/2 700 Rapid Wire brushed 10 8 
Rapid Chemical 11 
Slow Wire brushed 10 
Slow Chemical 12 
1 400 Rapid Wire brushed 40 9 
Rapid Chemical 10 
Slow Wire brushed 10 
Slow Chemical 10 
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Fig. 4—Strength-Current Characteristics of Welds Made with 
4-In. Radius Tips at 600-Lb. Pressure 


wise, when the characteristics do not show evidence of 
excessive current on the basis cracks, it is certain that 
the current was approaching an excessive value. In 
some cases the current was considered to be excessive 
when the sheet separation and distortion became serious. 

Unless otherwise noted each value of strength shown 
by the characteristics represents the average obtained 
from three specimeps tested in shear. The occurrence 
of dud welds was determined by examination of the 
shear-test fractures. The occurrence of cracks was 
determined by radiographing a strip of five welds made 
at each value of current investigated. The same strip 
of welds was examined for sheet separation by means of a 
“feeler’”’” gage. The sheet separation was considered 
to be excessive when it exceeded 10% of the thickness of 
one sheet with the welds spaced 5/s in. apart.* 

Oscillographic measurements of the secondary current 
were made at every value of current investigated. Simi- 
lar measurements were made of the electrode pressure at 
intervals frequent enough to insure that the welds were 
being made under constant pressure conditions. A num- 
ber of typical welds were sectioned and subjected to 
metallographic examination. A summary of the weld- 
ing conditions investigated is shown in Table 3. 


Results 


A number of characteristic curves for welds made with 
4-in. radius tips at 600-lb. pressure are shown in Fig. 4. 
These curves show that a very critical condition exists 
when wire-brushed stock is welded with a rapidly rising 
current. A number of welds made at any given value of 
peak current in the vicinity of 33 kilo-amp. are extremely 
likely to include dud welds and large cracked welds. 
There appears to be no gradual transition from duds to 


.welds which are large enough to crack. This condition 


is readily evident in the photographs of weld fractures 
shown in Fig. 13 (K-0). Therefore, it may be said that, 
under certain conditions of electrode tip shape, electrode 
pressure, surface treatment and current wave-form, it is 
impossible to produce sound crack-free welds without 
the frequent appearance of dud welds. ‘Two series of 
welds were made under the above conditions and the 
results were the same in each case. 

When wire-brushed stock is welded with a slowly ris- 
ing current the conditions are not as critical as in the case 
of the rapidly rising current. It will be noted that 
under these conditions sound welds are produced and 
duds are avoided over a narrow current range in the 
vicinity of 23.5 kilo-amp. The characteristics for 
chemically treated stock are quite different. With 
either current wave-form sound welds are produced and 
duds are avoided over a much wider current range. For 
this surface treatment there is a pronounced difference 
in slope of the characteristics for the two wave-forms. 
The curve for the rapidly rising current is remarkably 
flat. This indicates that under these conditions weld 
strength should be consistent in spite of cireuit varia- 
tions or the short circuiting effect of adjacent spots. 
Since these conditions do not permit weld strength to be 
controlled by varying the peak current or condenser 
voltage, other factors such as electrode pressure and/or 
tip shape must be simultaneously varied to obtain a 
change in weld strength. 

The above characteristics for chemically treated stock 
correspond to a condition of comparatively low surface 
resistance. The characteristics shown in Fig. 5 were 
obtained by welding chemically treated stock having a 
higher surface resistance. These characteristics con- 
firm the above observation of the effect of current wave- 
form on the slope of the curves. No characteristics are 
shown for welds made with a rapidly rising current in 
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Fig. 7—Strength-Current Characteristics of Welds Made with 
2'/:-In. Radius Tips at 500-Lb. Pressure 


stock having a really high surface resistance (above 200 
microhms). However, the welds made under such condi- 
tions indicate that, with the exception of the above effect 
on the slope of the curves, this wave-form .Jhas no ad- 
vantage over the other when working with a surface 
resistance which is high as a result of too long a treat- 
ment. When the surface resistance is high due to too 
short a treatment, a rapidly rising current tends to pro- 
duce more violent expulsion of metal from the weld zone. 
Welds of irregular shape and bearing irregular electrode 
impressions are always produced when the surface re- 
sistance is high and not uniform, regardless of wave-form. 

In obtaining the data for Fig. 4 the critical condition 
only appeared in the welding of wire-brushed stock. 
When the electrode pressure was reduced from 600 to 
400 Ib. the same critical condition was found to exist in 
the welding of chemically treated stock with a rapidly 
rising current, as shown in Fig. 6. In welding chemically 
treated stock the development of completely fused welds 
from conditions at which little or no fusion is produced, 
requires an appreciable increase in peak current. In 
other words, the transition from duds to sound welds is 
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Fig. 8—Effect of Electrode Pressure on Strength-Current Char- 
acteristics of Fig. 7 


more gradual than in the case of wire-brushed stock. 
When the electrode pressure is increased from 600 to 800 
Ib., crack-free welds are produced over a wider current 
range. However, at the higher values of current, sheet 
distortion and separation become excessive. Figure 6 
also shows how the characteristic for the critical case is 
affected by the application of a forging pressure. When 
the electrode pressure is increased from 400 to 1170 lb. 
within one cycle after the peak current passes, the cracks 
are eliminated over a wide range of current. Later 
applications of the forging pressure were found to be in- 
effective. 

Characteristic curves for welds made with 2'/,-in. 
radius tips at 500-lb. pressure are shown in Fig. 7. The 
critical condition again appears in the curve obtained by 
welding wire-brushed stock with a rapidly rising current. 
To avoid this critical condition the electrode pressure 
was increased from 500 to 700 Ib. and the results are 
shown in Fig. 8. It will be noted that there is no evi- 
dence in this figure of a critical condition. Crack-free 
welds are produced and duds are avoided over a wide 
range of current for each combination of wave-form and 
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Fig. 11—Strength-Current Characteristics of Welds Made with 
2'/s-In. Radius Tips at 500-Lb. Pressure 


surface treatment investigated. It should be noted, 
however, that under these conditions of electrode tip 
shape and electrode pressure it is impossible to weld the 
chemically treated stock without serious sheet distortion 
and separation. This is true for both wave-forms. Char- 
acteristic curves for welds made with 1-in. radius tips at 
400 Ib. pressure are shown in Fig. 9. Again there is no 
evidence of a critical condition. The sheet distortion 
and separation are of the same magnitudes as were ob- 
served in welding with the 21/,-in. radius tips at 500 Ib. 

The above characteristics were based upon three shear 
specimens and a strip of five welds made at each value of 
current investigated. Three of the most promising char- 
acteristics were checked for weld consistency and elec- 
trode tip life. The three characteristics selected were 
those of welds made in chemically treated stock with 
a rapidly rising current and under the following condi- 
tions of electrode shape and pressure: 


1. 4-In. radius tips at 600-Ib. pressure. 

2. 2%/,-In. radius tips at 500-Ib. pressure. 

3. 4-In. radius tips, welding at 400-Ib. pressure and 
forging at 1170-Ib. pressure. 


The procedure for checking consistency consisted of in- 
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x 12—Strength-Current Characteristics of Welds Made with 
4-In. Radius Tips, Welding . 400-Lb. and Forging at 1170-Lb. 
essure 


vestigating more values of peak current and making 
from 15 to 20 shear specimens at each value of current. 
The results are shown in Figs. 10, 11 and 12. In these 
figures the maximum and minimum values of weld 
strength are shown in addition to the average values. 
It will be noted that the general shape and position of 
the characteristics are not greatly affected by increasing 
the number of specimens. There is a tendency, how- 
ever, for the current range within which sound welds are 
produced to become narrower. This is to be expected 
since with more welds there is a greater probability of 
duds appearing at higher values of current and cracks at 
lower values of current. Weld consistency is very poor 
at values of current which produce dud welds and 
quickly improves as the current is increased. In Fig. 11 
the upper current limitation is due to excessive sheet 
separation rather than cracking as in the original char- 
acteristic. The reason for this discrepancy is not under- 
stood. It should be pointed out that frequently it is 
difficult to precisely establish the current limits between 
which sound welds are produced. As the current is in- 
creased in welding chemically treated stock the dud welds 
disappear gradually, and cracking as well as sheet separa- 
tion develop slowly. For example, at a peak current of 


Table 4—Observations of Electrode Tip Life 


Electrode Shape and Pressure Peak Current, Kilo-Amp. Number of Welds Remarks 
4-In. radius 30 to 37.5 230 1. Welds made to obtain data for characteristic 
600 Ib. 2. Tips still clean 
33.9 400 1. Welds made at a rate of 12 per minute 
2. Tips were new at the start and still clean at the end 
2'/,-In. radius 23 to 33 225 1. Welds made to obtain data for characteristic 
500 Lb. 2. Tips still clean 
29.0 295 1. Welds made at a rate of 12 per minute 
2. Tips were cleaned at the start and were still clean at 
the end 
4-In. radius 24 to 39 25 per cleaning of Welds made to obtain data for characteristic 
Weld at 400 Ib. tips 
Forge at 1170 lb. 29.5 300 1. Welds made at a rate of 12 per minute 


Electrode tips—1'/, in. O.D. with female threads. 
Distance from tip face to cooling water—1 in. 
Electrode conductivity—85%. 

Electrode cooling water—50.5 gal./hr. at 75° F. 


2. Tips were cleaned at the start and were still clean at 
the end 
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31.5 ka. in Fig. 12 radiographs showed very fine cracks 
in only one out of twenty welds examined at this point 
which was classified as ‘sound.’ In other words, the 
factor of probability enters into the classification of the 
border-line points of each characteristic. This fact 
must not be overlooked in interpreting a characteristic. 

In obtaining data for the above three characteristics 
some observations of electrode tip life were made. The 
results are shown in Table 4. Practically no tip clean- 
ing was required except when obtaining characteristic 
data for 4-in. radius tips at a welding pressure of 400 Ib. 
and a forging pressure of 1170 Ib. In this case the tips 
had to be cleaned after every 25 welds. It is believed 
that this was primarily due to the fact that low and high 
values of current were alternately investigated and that 
the high values of current were excessive at such a low 
electrode pressure. Once the current was held constant 
at 29.5 ka. three hundred welds were made at a rate of 12 
per minute and the tips were still clean at the end of the 
run. Too much significance must not be attached to 
this phase of the investigation since tip pickup is in- 
herently an erratic process. Limited experiments to 
determine the frequency of electrode cleaning are not 
very satisfactory. So many different variables are in- 
volved that the results are always open to criticism on 
the grounds that slightly different conditions would have 
altered the results either favorably or unfavorably. 

In general, sheet distortion and separation increase 
with electrode pressure, tip curvature, and under some 
conditions with peak current. It may also be said that 
for identical welding conditions sheet distortion and 
separation tend to be a little more pronounced in chemic- 
ally treated stock than in wire-brushed stock. However, 
as data previously discussed show, chemically treated 
stock may be more satisfactorily welded at lower pres- 
sures than wire-brushed material. Mention has been 
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made of the effect of wave-form on the slope of the 
strength-current characteristics. An analysis _ in this 
respect of all the characteristics is summarized in Table 
5. It will be noted that the effect of wave-form on the 
slope is more pronounced for chemically treated stock 
than for wire-brushed stock. For both surface treat- 
ments the rapidly rising current produces the flatter 
characteristic. 


Table 5—Average Slope of Strength-Current Characteristics 


Slow Current Rise, Rapid Current Rise, 

Surface Treatment Lb. per Kilo-Amp. Lb. per Kilo-Amp. 
Wire brushed 29 20 
Chemical 36 6 


In the course of this investigation a number of welds 
were sectioned and subjected to metallographic examina- 
tion. The difference between the two wave-forms stud- 
ied is not sufficient to affect the metallurgical structure of 
the weld and the surrounding metal. However, the 
wave-form does tend to change the shape of the weld 
cross section. The steeper wave front tends to produce 
more fusion near the rim of the weld which results in 
toroidal welds having a ‘‘dumb-bell’’ shaped cross section. 
Sections of welds made at the lower values of current ex- 
hibited characteristics which are associated with the way 
in which the initial breakdown of the faying surfaces 
takes place. These effects are fully discussed in the 
following paragraphs. 

Examination of the shear-test fractures revealed some 
very interesting effects due to surface treatment and 
current wave-form. Three typical series of fractures are 
shown in Fig. 13. The fractures in each vertical column 
represent three welds made at the same value of peak 
current and the current increases from left to right in 
each series. Dud welds are found in columns A, F, K 
and L. Internal cracks are found in columns E, J, M, 
Nand O. Fractures A and B show how the faying sur- 
faces break down when chemically treated stock is 
welded with a slowly rising current. The initial break- 
down occurs over a small region near the center of the 
area of total contact. As the current increases this 
region grows in size and finally develops into the weld. 
When chemically treated stock is welded with a rapidly 
rising current the faying surfaces break down in two 
different ways as shown by fractures F and G. The 
initial breakdown occurs at many small points which 
may be well distributed over the entire contact area or 
concentrated in a ring pattern near the periphery of the 
contact area. These small points increase in number and 
size as the current increases, and finally coalesce in the 
formation of the weld. When wire-brushed stock is 
welded with either wave-form, there is no evidence of any 
localized breakdown in the area of total contact as 
shown by fractures K and L. Instead there is a very 
abrupt transition from duds, which depend upon the 
bonding of the cladding for their strength, to sound 
welds of appreciable size. The fractures in column L are 
a very good example of this. The lower weld was a dud 
since there was no fusion extending across the plane of 
the faying surfaces. The middle weld failed by shearing 
across the fused zone and the upper weld failed by the 
tearing of a plug from both sheets. All three welds were 
made at the same value of peak current. It is interest- 
ing to note that, in spite of the different types of failure, 
the shear strengths of these welds were practically the 
same. However, the dud weld failed more suddenly and 
with less warning than the other two. 

Enlarged photographs of some fractures of particular 
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interest are shown in Fig. 14 The two types of initial. 
surface breakdown observed in welding chemically 
treated stock with a rapidly rising current, are seen in 
fractures A and C. When the initial surface breakdown 
takes place as in A, the weld tends to develop with more 
current to produce a fracture of type B. This type of 
surface breakdown appears to be very desirable. When 
the initial surface breakdown takes place as in C, the 
weld tends to develop into a toroid which results in a 
fracture of type D. This type of fracture is an indica- 
tion of a concentration of heat and current near the rim 
of the weld. Such a distribution of current may be 
caused by ‘“‘skin effect’? which depends upon the rate of 
current increase. Figure 3 shows that the rapidly rising 
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Fig. 14—Spot-Weld Fractures Showing Different Types of Sur- 
face Breakdown. A and B, Rapid Current Rise; C and D, 
Rapid Current Rise; FE and F, Slow Current Rise: G and H, 
High Surface Resistance; J and J, Wire-Brushed Stock 
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current increases at a high rate over an appreciable period 
of time, a condition that is favorable to a pronounced 
skin effect. Frequently after this type of initial surface 
breakdown occurs, the weld may pass through the 
toroidal stage and become sound. The reason why the 
initial breakdown sometimes takes place as shown in A 
is not understood at present. Fracture E is typical of 
the initial surface breakdown observed in welding 
chemically treated stock with a slowly rising. current. 
As the current increases this initial zone of fusion grows 
in size to produce a fracture of type F. Fractures G and 
H are typical of the development of a weld in chemically 
treated stock having a high surface resistance. Initially 
the faying surfaces break down at several widely sepa- 
rated spots as seen in fracture G. As the current in- 
creases these spots grow in size and finally coalesce to 
form a weld of irregular shape as in fracture 7. Current 
wave-form does not seem to have very much effect on 
the way in which surfaces of high resistance break down. 
Fractures J and J are typical of wire-brushed stock when 
welded with either wave-form. Both of these welds 
were made with the same value of peak current. This 
is another good example of the abrupt transition from 
duds to sound welds of appreciable size. 

While the practical significance of all the above ob- 
servations may not be readily apparent, it should be 
understood that such observations are an essential part 
of any research dealing with current wave-form and sur- 
face conditions. It is hoped that further observations 
will lead to a better understanding and control of the 


occurrence of dud welds, toroidal welds, sheet distortion 
and cracks. 


Conclusions 


As a result of this investigation a number of coriclu- 
sions may be drawn, some of which apply to current 
wave-form and some to other variables. In interpreting 
the conclusions the limitations of the investigation must 
be kept in mind. Only two wave-forms were investi- 
gated and the welding was limited to 0.020-in. Alclad 
24S-T. The important difference between the two 
wave-forms was in the rate of current rise and the 
length of time during which the current was near its peak 
value. Two methods of surface treatment were studied. 
One consisted of wire brushing and the other consisted of 
chemically treating to produce the desired surface re- 
sistance and at the same time retain the bright mill 
finish. The conclusions follow: 

1. The rate of increase in weld strength with peak 
current is greater for the slowly rising wave-form than for 
the rapidly rising wave-form. In other words, with the 
latter wave-form weld strength is less affected by 
changes in current. This effect is more pronounced for 
chemically treated than for wire-brushed material. 
This indicates that when welding chemically treated 
material with a rapidly rising current, weld strength 
should be controlled by varying electrode pressure or 
tip shape simultaneously with current, rather than by 
adjustment of current alone. 

2. Due to the flatness of the strength-current char- 
acteristic the rapidly rising wave-form allows for some- 
what more freedom in setting a machine to produce sound 
welds of a given strength. 

3. Current wave-form affects the distribution of 
current over the contact area between chemically 
treated specimens. A slowly rising current concen- 
trates at a single spot which grows in size as the current 
increases. A rapidly rising current is conducted across 
the sheet-to-sheet contact at a great many small spots 
which may be well distributed over the entire contact 


WELDING RESEARCH SUPPLEMENT 


area or concentrated in a ring pattern near the periphery 
of the contact area. These small spots increase in 
number and size as the current increases, and finally 
coalesce in the formation of the weld. If the initial sur- 
face breakdown occurs largely at the periphery, it is 
probable that the weld will be toroidal in shape. 

4. In welding wire-brushed stock under certain 
conditions of electrode tip shape and pressure, there is a 
very abrupt transition from values of current which 
produce dud welds to those which produce welds of 
appreciable size. This transition is much more gradual 
in welding chemically treated stock. 

5. Within the limitations of this investigation the 
metallurgical structure of the weld is not affected by 
current wave-form. A rapidly rising current tends to 
produce toroidal shaped welds in chemically treated 
stock. Otherwise the geometrical shape and propor- 
tions of the weld with respect to the sheet are not 
affected by wave-form. Welds of irregular shape and 
bearing irregular electrode impressions tend to be pro- 
duced when the surface resistance is high and not uni- 
form, regardless of wave-form. 

6. Electrode tip shape, electrode pressure and surface 
conditions are more effective than current wave-form 
in causing sheet distortion and separation. In general, 
these defects become more pronounced as the electrode 
pressure, tip curvature and surface resistance are in- 
creased. 

7. At certain conditions of electrode tip shape, elec- 
trode pressure, surface treatment and current wave- 
form it is impossible to produce sound crack-free welds 
without the frequent appearance of dud welds. These 
conditions may be avoided by an increase of electrode 
pressure. Another method consists of welding at a low 
electrode pressure with a current of sufficient magnitude 
to avoid duds and then applying a forging pressure to 
eliminate the cracking. 
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Practical Significance of Report No. 9 


The following observations, which were made in this 
investigation, appear to be of practical significance: 

1. When the current wave front is too steep, as a 
result of using too low a transformer turns ratio, there 
is a tendency for the current to concentrate at the pe- 
riphery of the weld zone. This electrical behavior is 
known as “‘skin effect” and it tends to produce toroidal 
or doughnut-shaped welds. Welds of this type were ob- 
served in 0.020-in. material. Other objectionable effects, 
of using a wave front that is too steep, are expulsion of 
metal or flashing from between the sheets, and occa- 
sionally from between the sheet and the electrode tip. 
When these conditions are encountered, the steepness of 
the wave front may be reduced by increasing the trans- 
former turns ratio. The condenser capacitance and 
voltage must be readjusted in order to maintain the same 
weld strength, when this is done. 

2. When the current wave front rises gradually and 
the surface resistance of the sheet is low, the initial 
breakdown of the remaining surface film takes place at 


JANUARY 


ah: 
the 
ort as | 
in| 
ha’ 
sus 
we 
mi: 
ad 
to 
tre 
fo 
: lik 
di 
th 
of 
h 
sl 
ti 
d 
t 
‘ 
1 
SA 
>; 


the center of the weld area rather than at the periphery, 
as in the case of the steep wave front. This condition 
is desirable from the viewpoint of avoiding toroidal welds, 
but the steeper wave front tends to produce a condition 
in which small variations in the peak value of the current 
have less effect on weld strength. These observations 
suggest that welds should be made with the steepest 
wave front that is consistent with avoidance of toroidal 
welds and expulsion or flashing. The maximum per- 
missible steepness will vary with the thickness of ma- 
terial welded. 

3. A further significant relationship has been shown 
to exist for any given combination of wave-form, elec- 
trode tip shape, electrode pressure and surface treatment. 
When a strength-current relationship is obtained for any 
given combination of the above conditions, there will be 
found a definite range of peak current below which dud 
welds frequently occur and above which the welds are 
likely to exhibit cracks, or excessive sheet separation, or 
distortion. The term ‘dud weld” is applied to welds in 
which there is very little or no fusion extending across 
the plane of the faying surfaces. The satisfactory range 
of peak current between the above limits may be non- 
existent at the lower values of electrode pressure. It be- 
comes wider as the pressure is increased. However, too 
high a pressure results in narrowing the range, due to 
sheet separation. It is thus possible to establish an op- 
timum pressure for each gage of material, electrode tip 
shape, surface treatment and current wave-form. 

4. Under certain welding conditions there is a very 
abrupt transition from values of current which produce 
dud welds to those which produce welds of appreciable 
size. Both kinds of welds must be expected when weld- 
ing at a value of current which is near the transition 
point. To avoid dud welds, the current should first be 
increased to get away from this transition point. If 
this results in cracked welds, then the electrode pressure 
should also be increased. Current wave-form, within 
the range investigated, is of minor importance in the 
production of dud welds. 

5. As has already been mentioned, the frequent pro- 
duction of dud welds represents the lower limit of satis- 
factory current for welding, other conditions being 
fixed. The limitation at the upper end of the satis- 
factory current range may be either the production of 
fine cracks due to shrinkage after welding or sheet sepa- 
ration and distortion. Electrode tip shape, electrode 


pressure and surface conditions are more likely to be 
responsible for sheet separation and distortion than cur- 
rent wave-form. In general these effects become more 
pronounced as the electrode pressure, tip curvature and 
surface resistance are increased. In general, when the 
upper limitation is cracking, it is avoided by an increase 
in pressure, at least up to the point where distortion 
becomes the limiting factor. 

6. Another method of avoiding cracks is by the 
proper application of a forging pressure. The effective- 
ness of a forging pressure in reducing cracks is dependent 
upon having it applied within the proper time limit after 
the peak of the current wave. When applied too late, 
the pressure may be inadequate to compensate for weld 
shrinkage or else the cold metal may already have 
cracked. In welding the 0.020-in. material with con- 
denser discharge equipment, the forging pressure must 
be applied within one cycle after the passage of the peak 
current. The use of a forging pressure combines the 
advantages of low electrode pressure with regard to 
sheet separation and of high electrode pressure with 
regard to cracking. 

7. In welding wire-brushed stock under certain 
conditions of electrode tip shape and pressure, the transi- 
tion from values of current which produce dud welds to 
values which produce sound welds of appreciable size, 
is much more abrupt than in welding chemically treated 
stock. This means that dud welds are more likely to 
appear unexpectedly in welding wire-brushed than in 
welding chemically treated material. In the 0.020-in. 
material, sound welds can be produced at a lower elec- 
trode pressure in chemically treated stock than in wire- 
brushed stock. However, greater weld strengths can 
be obtained with wire brushed material. 


Note by the Authors 


The authors wish to call attention to the fact that the 
experimental work, described by this report, was carried 
out in 1942. When the report was written, the term 
“‘electrode pressure’”’ referred to the total electrode force. 
Since 1942 the term “‘electrode force’’ has been generally 
adopted to replace the term “electrode pressure.”” The 
observations covered by this report have been confirmed 
by later work, which will be reported in due time. 
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Preface 


Prior to the completion of the investiga- 
tions on the four low-alloy steels covered 
by Part I of “Stress Relief of Weldments 
for Machining Stability,’’ published as 
Bulletin 121 of the Ohio State University 
Engineering Experiment Station, the 
Advisory Committee approved further 
investigations and study of two steels, 
namely, SAE-1030 and NE-9430. The 
outgrowth of this investigation is con- 
sidered Part II of the above-mentioned 
report. 

Part I is a study of the machining stabil- 
ity of four low-alloy steels, stress relieved 
at temperatures ranging from 900 to 
1400° F., using a constant time of 2 hr. 
at temperature. Part I also includes five 
appendices supplying information on 90° 
cross weldment, deflection measuring de- 
vices, strain gage measurements, stress 
relieving and mechanical property tests. 
Reference should be made to all of Part I 
in order to more clearly understand the 
work contained in Part II. Part I ap- 
peared in the June 1945 WELDING 
JOURNAL, pp. 331-s to 349-s. 


Abstract 


The object of Part II was to further 
investigate both thermal and mechanical 
stress-relieving treatments and their effects 
upon the stabilities of weldments during 
machining operations. 

Fifteen of the standard 90° cross-weld- 
ment specimens were prepared ~from 
SAE-1030 steel. One series of specimens 
of this steel portrays its behavior in the 
as-welded condition after various amounts 
of welding had been deposited. Another 
series shows how the specimens behaved 
after various stress-relieving treatments, 
which included both variations in tempera- 
ture and time at temperature. An addi- 
tional series of specimens covering low- 
alloy steels investigated in Part I of this 
report are included to promote the study 
of time at temperature. 

Curves graphically depicting the im- 
provement obtained by various treatments 
are shown in Figs. 3, 4, 5, 6, 7 and 9. 


Steels Under Examination 


| Son ORDER to further study the four 
steels, NE-8630, SAE-4130, NAX-X- 
9115 and NAX-X-9130 investigated in 
Part I of this report, and in compliance 
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is published with the permission of the Office of 
Scientific Research and Development and on the 
recommendation of the Office of the Chief of 
Ordnance, Army Service Forces. The research 
was carried out for the National Defense Research 
Committee by the Ohio State University Re- 
search Foundation under an OSRD contract 
under the direction of the War Metallurgy Com- 
mittee. 

t Associate Professor of Welding Engineering, 
on leave, College of Engineering, The Ohio State 
University, Columbus. At present Consulting 
Engineer, The R. C. Mahon Co., Detroit, Mich. 
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Stress Relief of Weldments for 
Machining Stability: Part IT 


TABLE I 
ANALYSES 
NE-8630 SAE-4130 NAX-X-9115 NAX-X-9130 SAE-1030 
known as known as known as known as known as 
B : D 
348% 199% .282% 
Manganese.... -74 .64 45 -73 46 
Phosphorus.... .022 .020 .020 .026 018 
.010 O11 .015 .010 .035 
.045 .235 .709 -752 .050 
Chromium..... .67 48 .60 .07 
Molybdenum... .22 .22 17 .23 .02 
Zirconium..... .065 .081 
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Fig. 1—Typical Specimen, Type A 


Travel direction of passes Nos. 1, 2, 5, 6, 11, 12, 15 and 16 is toward the marked 
end of the specimen. Travel direction of passes Nos. 3, 4, 7, 8, 9, 10, 13 and 14 is 


in the opposite direction. 


All specimens automatically welded with 5/s. -in. diameter electrodes at 130 amp. 
and 25 v. which consumed 18 in. of electrodes per pass (see typical record of 


voltage and amperage, Part I, Fig. Al, 347-s, June 1945 Welding Journal). 
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with the request of the Advisory Com- 
mittee, an earnest effort was made to 
secure samples of 4/s-in. plate of two new 
stecls, namely NE-9430 and SAE-1030. 

Since the NE-9430 steel was not avail- 
able in #/s-in. plate, more specimens were 
prepared from the SAE-1030 steel. This 
steel has been termed F steel and can be 
recognized as such throughout this in- 
vestigation. 

The chemical analyses of Table I 
were made in order to check such analyses 
furnished by the producers and also to 
assure the investigator that the correct 
steels had been obtained. 


Conclusions 


Supplementing Part I of this report, 
15 weldments of mild steel (SAE-1030) 
and 11 additional weldments of the four 
low-alloy steels, as investigated in Part I, 
were prepared and subjected to various 
tests. The following conclusions were 
drawn: 

1. Thermal stress relieving within the 
range of 900-1300° F. greatly improves 
the machining stability of weldments 
fabricated from both the mild and low- 
alloy steels studied throughout this 
investigation. 

2. A stress-relieving temperature of 
1200° F., held for 2 hr. at that tempera- 
ture, is considered most satisfactory for 
the low-alloy steels investigated. 

3. A stress-relieving temperature of 
1100° F., held for 2 hr. at that tempera- 
ture, is considered most satisfactory for 
mild steel. 

4. A small increase in the stress- 
relieving temperature is relatively more 
effective in dampening distortions than a 
vastly greater holding time at the tempera- 
ture. 

5. Weldments stress relieved at 600° F. 
for 30 hr. show only a moderate reduction 
in internal stresses and, also, a moderate 
dampening effect on the distortion. 
Therefore, little stress relieving can be 
expected at a temperature of 600° F. 

6. Mild steel weldments support less 
residual stresses than weldments made of 
low-alloy steel. 

7. The stresses in mild steel weldments 
relieve more readily than stresses in weld- 
ments made of low-alloy steel. 

8. Stress relieving by mechanical 
means is proved to be relatively ineffective. 

9. In general, the distortions of the 
weldments upon machining in the as- 
welded condition are proportionate to the 
yield strengths of the steels. 

10. Various other conclusions drawn 
on the mild steel studied in Part II are 
similar to the conclusions of the low-alloy 
steels given in Part I. 


Discussion of Weldment Deflection Curves 


Figures 3 to 9, inclusive, have been 
plotted from accumulative differences in 
deflection readings calculated after suc- 
cessive cuts to determine the average 
changes in deflections of the bottom edge 
of the particular specimen. All deflec- 
tion readings were made on the special 
inclined measuring fixture designed es- 
pecially for this investigation.* 


Fig. B2, Appendix B, Part I, p. 348-s, 
June 1945, The JOURNAL. 
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In Part II of this report the curves 13/4, 2, 2%/s, 27/1, 3'/s and 3*/s in. The 
which appeared in Part I have been re- new curves for the low-alloy and F steels 
plotted using only the cut levels of 1'/,, have been plotted at the same cut levels. 


TABLE Il 
RELAXATION OF STRESSES DUE TO MACHINING 


(Max. SRA given in °F) 


R 600 900 900 900 1000 1100 1200 1300 1400 
Steel Temp. —- 
— (Furnace Time in Hrs. at Max. Temp.) 
30 2 6 18 2 2 2 2 2 
B —46,300 —21,400 —21,200 —19,700 —15,600 —8,000 —5,300 0 —1,200 
Cc —41,300 —30,200 —19,100 —20,900 —18,500 —14,000 —6,400 —4,800 — 100 + 500 
D... —38,600 —19,400 —22,300 —20,800 —13,800 —7,200 —4,500 + 400 +1,600 
k — 49,600 —21,300 —20,100 —17,600 —15,000 —9,200 —6,100 —1,900 0 
*E —47,200 
+E — 48,900 
F... —28,500 —20,200 — 9,050 — 8,250 — 6,000 ....... 
°F... —27,300 
* Shot peened. — indicates relaxation of compression. 
Turabled. + indicates relaxation of tension. 


TABLE Ill 


INTERNAL STRESSES OR INDICATED STRESSES (FOR DEFORMATIONS BEYOND YIELD 
POINT) CALCULATED FROM STRAIN GAGE READINGS AFTER VARIOUS 
AMOUNTS OF WELDING HAD BEEN DEPOSITED 


Steel and Averages for Right and Left Strain Gage Stations J 
Specimen (Stresses in kips per sq. in.; + indicates compression; — indicates tension) 
o. 1 2 3 4 5 9 


‘ 


After 12 Small Tack Welds 


_ ee + 6.6 + 4.0 + 0.5 — 7.7 + 2.46 + 4.0 + 5.6 
rr ee + 5.6 + 48 + 16 — 4.5 + 4.8 + 4.0 + 4.5 
+ 3.7 + 38.5 + 13 — 29 + 3.2 + 3.2 + 2.4 
2 EE ee + 40 + 34 + 2.1 — 3.4 + 3.7 + 2.4 + 29 
+ 65.3 + 3.2 + 13 — 3.7 + 3.7 + 3.7 + 4.0 
og + 4.2 + 84 + 138 — 2.7 + 3.7 + 2.9 + 84 
Ap Re eee + 656.38 + 3.5 + 08 — 7.2 + 4.0 + 3.2 + 40 
PB desc vies ives + 4.5 + 24 + 10 — 4.7 + 4.7 + 4.2 + 40 
Sr ee + 7.4 + 3.7 + 1.0 — 6.8 + 4.5 + 4.0 + 4.0 
SS re on & 65 + 2.7 + 0.5 — 43 + 6.1 + 4.5 + 3.2 
Piweasecviec + 64 4+ 3.5 + 0.5 — 8.2 + 2.9 + 438 + 6.4 
rer + 24 + 146 0.0 — 6.7 + 4.0 + 8.2 + 2.7 
Pe scasesees + 16 + 08 + i.1 — 3.7 + 2.7 + 29 + 1.1 
re + 38.6 + 2.1 + 0.3 — 4.5 + 2.1 + 1.9 + 1.9 
Pee ssccteces + 69 + 3.2 + 0.5 — 64 + 2.7 + 4.5 + 6.9 
After 4 Beads per Specimen 
PeRea ketenes + $1.1 + 30.8 + 32.2 + 62.7’ + 35.4 + 39.6 + 46.3 
i + 30.9 + 34.3 + 39.9 + 62.0 + 42.0 + 44.2 + 50.5 
Pa riscceeces + 34.6 + 36.2 + 40.5 + 62.3 + 39.1 + 39.9 + 43.6 
ee eee + 35.4 + 36.4 + 40.4 + 58.8 + 85.4 + 33.8 + 42.1 
a ee + 29.0 + 33.5 + 39.6 + 59.4 + 35.1 + 34.1 + 35.1 
ae + 54.0 + 44.0 + 38.6 + 61.4 + 41.5 + 36.7 + 33.8 
ae + 34.0 + 33.8 + 365.1 + 58.3 + 36.6 + 40.5 + 48.1 
After 8 Beads per Specimen 
ee ee eee + 75.0 + 73.0 + 77.2 +104.2 + 69.0 + 66.0 + 70.0 
Piiatih oaseece + 68.4 + 72.4 + 82.7 +116.5 + 81.4 + 79.3 + 85.7 
Stns tbsiseep + 72.6 + 78.2 + 83.5 +114.1 + 77.1 + 70.2 + 70.5 
Pei dbecccdes + 74.0 + 76.0 + 86.7 +113.0 + 74.2 + 67.3 + 65.4 
ee + 77.6 + 71.6 + 72.1 +113.1 + 86.2 + 78.2 + 76.3 
ee + 71.0 + 70.8 + 79.0 +109.1 + 77.7 + 74.7 + 79.6 
ae + 73.5 + 72.4 + 78.0 +111.1 + 74.5 + 75.0 + 83.8 
After 12 Beads per Specimen 
Se er ee + 90.4 + 92.3 +102.1 +142.5 + 95.7 + 88.5 + 90.2 
Dhow aceedbe + 87.5 + 94.7 +111.2 +158.3 +111.7 +102.7 +104.8 
inahscscons + 85.9 + 90.4 +108.0 +156.1 +106.7 + 93.9 + 90.4 
Pa kbeeseces + 84.1 + 98.4 +112.0 +160.4 +117.8 +109.9 +113.3 
hee dhiewe se 3 + 82.7 + 91.2 +112.8 +162.5 +110.1 + 97.4 + 96.0 
Fee + 90.7 + 99.0 +1144 +162.3 +122.4 +110.7 +113.8 
ae + 87.8 + 91.8 +107.5 +154.0 +107.5 + 96.3 ‘- 98.2 
linddtsoheges + 93.0 + 96.6 +108.5 +158.0 +110.1 +101.9 +104.8 
PEE ckidwecas + 89.1 + 96.0 +112.8 +158.3 +107.7 + 95.0 + 91.2 
+ 95.8 + 92.3 +104.0 +154.5 +114.6 + 100.5 + 95.5 
ree + 83.2 + 87.5 +102.7 +150.6 +106.9 +100.0 +102.4 
ae + 81.4 + 85.1 +101.9 +148.7 +100.3 + 89.1 + 87.2 
Pea eisics<ccs + 88.8 + 94.7 +109.6 +154.8 +108.0 + 97.9 + 98.2 
After 16 Beads per Specimen 
+103.2 +115.7 +140.4 +202.7 +156.9 +1444 +148.4 
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Figure 3 is a comparison of data from 
specimens of the five steels machined in 
3 


The actual deflection data are not given 
in Part II, as it is believed that they 


would duplicate the information shown 
on the Weldment Deflection Curves. 


readings taken at the fewer “key” cut 


levels. 
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the top of the specimen. See Fig. 1 for 
location of this milling operation. 

balance of the machining was done in a 
shaper with deflection and strain gage 


2-in. upright, the specimen was cut with a 
1/,-in. slitting saw centered 1!/; in. from 


each !/, in. had been machined from the 


paquny 
peusad yous 9-4 
“ « A006 “ “ « 41.006 « 
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This change in the method of plotting was 
necessitated by the change in machining 
and measuring. The machining and meas- 
uring of all new specimens reported in 


Part II of this report (except F-3 and F-10 
which were on the former basis) were 


changed at the suggestion of the super- 


visors in order to accelerate the research. 
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cut the as-welded condition. This group of the curves of Fig. 3 at the 1'/,-in. cut level welded (16 bead) specimens of these 
curves shows very definitely that the against these yield strengths. In the case steels. 
ven amount of deflection obtained is, in gen- of specimens D-4 and F-4, the yield Figures 4, 7 and 9 show clearly that 
hey eral, proportional to the yield strengths of strengths of the as-received specimens only slight improvement in machining 
wh the steels. Yield strengths for the E, B, have been listed since the Bauschinger stability is gained by the longer holding 
C, D and F steels are reported in Table IX effect* is apparent in both of the as- times at 900° F.; Figs. 2, 5 and 6 cause 
‘om as 73,200, 61,200, 48,700, 44,000 and 37,800 “ ae one to wonder if any improvement in 
| in psi., respectively. It is recommended that * See Part I, p. 337-s, June 1945, Weiprno machining stability or stress relief is 
the reader check the relative positions JOuRNAL. gained by the longer holding times at 
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TABLE V 
SUMMARY OF STRAIN GAGE DIFFERENCES. 90° Cross WELDMENT SPECIMENS 
B Steel (NE-8630) 
C Steel (SAE-4130) 
D Steel (NAX-X-9115) 
E Steel (NAX-X-9130) 


(Supplementary Data to Tables VII to X in Part I) 


Accumulative differences in strain gage readings caiculated after each successive cut to determine 
the lineal changes at the various strain gage stations. (Each dial div.sion represents a change in 
stress of approximately 532 psi.) 


Specimen B-5 (900°F SRA—6 Hours) 


D 
Specimen B-8 (900°F SRA—18 Hours) 
IX-A 27/14 
3% —89 -—36 —36 A 


Specimen C-5 (900°F SRA—6 Hours) 
1L 2R 2L 8R 4k 4L 5R 5L 6R iL 8R 3L 9R 


Vv 1% —18 -18 —6 +17 +16 +447 +47 

VIII 2 <9 416 +418 

Ix 2% — +6 

IX-A 27/16 

xl 3% <@ A ‘ 


Specimen C-9 (900°F SRA—18 Hours) 


\ 
Vv 1% «afi 66 464 46 36 
Ix 2% ull +6 
IX-A 27/16 
xII 3% —80 —27 A 
x 
Specimen D-5 (900°F SRA—6 Hours) 
vil 1% —34 —35 —19 —4 —5 +4283 423 
Ix 2% «4 435 48 
IX-A 27/16 
xi 3% A 
Specimen D-10 (900°F SRA—18 Hours) : 
Cut Amt. Metal L 
Vv 1% «8 66 46 467 
vii 2 — =? 6. 400 
Ix 2% — | 
42 38-36 —30 A 
XII 8% _ 
XIII 3% -38 —37 —38 —36 
L&GEND 


I, Il, cut locations. 


Fig. 
es ee etc. in head! ngs, indicate strain gage stations. A Readings taken at strain 

gage stations 7R through 9L after 1-in. strip had been removed 
R in headings indicates no oe by maine Cut I. (See Fig. 1). These data placed opposite Cut No. XIII for comparison. 


relaxation of Compression 
— indicates elongation 4q'tional Tension 


add.tional Compression 
+ indicates contraction relexetion of Tension 
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TABLE V (Continued) 


Specimen E-2 (900°F SRA—6 Hours) 
Ant. — 1L 2R 2L 3L 4R 4L 5L 6R 6L 7L 8R 6L oR 9L 
Rem 


Vv 1% —30 —30 -17 


+19 +16 +448 +448 
VII 1% —37 —37 —20 —22 


5 

6 +25 +22 
7 +20 +19 
9 


4L 5R 5L 6R 6L iR 


—27 
—39 + 


+14 


6 +44 
6 +23 +18 

5 

1 


+44 


+19 +17 


—34 
—34 


TABLE VI 


SUMMARY OF STRAIN GAGE DIFFERENCES. 90° CroSS WELDMENT SPECIMENS 


F Steel (SAE-1030) 


Accumulative differences in strain gage readings calculated after each successive cut to determine 
the lineal changes at the various strain gage stations. (Each dial div:sion represents a change in 
stress of approximately 532 psi.) 


This table contains data on specimens of F steel machined in the “as welded’’ condition. 
1. Specimens F-3 and F-10 compare the behavior of F steel welded with mild steel and low alloy 
steel electrodes, respectively. 

2. Specimens F-7, 15, 14, and 4 are included for comparison of the effect of various amounts of 
a welding and the corresponding changes in geometry. 

3. Compare these data from the “as welded” specimens with data from the stress relieved speci- 

mens of the F steel. (Table VII) 
4. Also compare data from Specimen F-4 with the data from specimens B-4, C-4, D-4 and E-4 as 


all of these specimens were welded with sixteen passes and machined in the “as welded”’ 
condition. 


Specimen F-3 (As Welded—12 Beads) 
3L 4L 


5R 5L 6R 6L 9R 


I —14 -ll —-8 +1 —9 +13 + 6 +12 +8 +14 +11 +17 #=++20 +18 #£=+22 
II We —24 -165 -16 —8 —8 —1 —3 +20 +22 +28 +27 +33 +35 +40 +42 +47 
III % —35 —25 -21 -—-14 -10 —4 +2 +26 +38 +45 +48 +53 +61 +65 
IV 1 —44 —35 -—-26 -—-18 -—-12 —5 +9 +33 +57 +64 +72 +77 
Vv 1% -—30 -23 -12 —5 +15 +41 +75 +82 
VI 1% —58 —48 -32 -25 -10 —3 +25 +47 
vil 1% —63 -27 -10 —4 +32 +651 
Vill 2 —62 —58 -82 -31 —7 —4 +45 +47 
VITI-A 2% —60 —61 —33 0 +62 +36 
VIII-B 2% —62 —67 -27 -35 +2 —3 
IX 2% —58 —72\ —23 -39 +8 -—8 
IX-A 27/16 —58 —69 -24 -39 +5 —10 
IX-B 2% 
x 25% —60 —60 -—38 -—-40 —23 
XI 2% —59 —53 -50 -43 -—45 —39 
xl 3% —59 -—51 -655 —47 


Specimen F-10 (As Welded—12 Beads Welded with SA No. 100 Electrode) 
No. 1L 2R 2L 3R 4R' 4L 5R 6R 6L TR iL 8R 8L 9R 9L 


— 7 —-3 +2 0 +8 +4 +12 +13 +18 +14 +17 
Il 1% —20 —18 —-10 —Ill 0 —2 +10 +411 +30 +31 +36 +34 +43 +43 +50 +50 
Ill % —31 —28 -16 —-17 —2 —4 +15 +17 +46 +47 +57 +56 +69 +69 
IV 


—43 —42 


, —25 3 5 +29 +31 +84 +85 

vi 1% —50 —48 .—28 -28 —4 +34 +839 
VII 1% —55 —66 -82 -31 —-1 —3 +45 +45 
Vill 2 —58 —58 -27 -32 +3 —2 +658 +48 
VII-A 2% —56 —64 -25 -35 +7 —3 +74 +36 
VIII-B 2% —57 —68 -23 +13 —1 

IX 2% —57 —69 -—23 -—37 +12 —4 

IX-A 27/18 —55 —68 -24 —-37 +10 — 6 

IX-B 2% —55 —65 -—26 -37 +5 —10 

x 25% —53 -35 -38 -15 

XI 2% —55 —53 -50 —44 —41 —35 

XII 3% —54 —52 -52 —47 
XII —53 —5l1 —652 


LEGEND 
I, IT, ITI, ete. indicate cut locations. 
1,2,3 head ind 
, 2, 3, ete. in ings, indicate strain gage stations. : 
R in headi indicates Right Side. A Readings taken at strain gage stations 7R through 9L after 1-in. strip had been removed 
L = pe ae Left Side by Mill Cut I. (See Fig. 1). These data placed opposite Cut No. XIII for comparison. 


relaxation of Compressi~~ 
indicates elongation add.tional Tension 


add:tional Compression 
+ indicates contraction relaxation of Tension 


1946 


~ 
VIII 2 —— — 
Ix 2% —49 —44 —20 —18 +6 
IX-A 27/16 
XII 3% +37 —38 —37 A 
xill 3% —38 —36 —39 
Specimen E-3 (900°F SRA—18 Hours) 
4 
5 a= 
6 +1 
IX-A 27/16 
3% —35 —31 —31 A 
XIII 335 —35 —31 —82 —40 -32 —39 -—31 —39 
Cat Amt. Metal 
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Cut Amt. Metal 


TABLE VI (Continued) 


Specimen F-7 (As Welded—4 Beads) 


Removed IR 1L 2R 2L 3R 3L 4R 4L 5R 5L 6R 6L ik iL 


8R 8L OR 


Cut Amt. Metal 


+ —18 +657 +4 +86 +89 
Vil 1% —33 --46 +1 —16 +69 +18 
Vill 2 —35 —13 —4 + +64 +17 


— 9 


Specimen F-15 (As Welded—8 Beads) 


No. Removea '® 1L 2R 2L 3R 8L 4R 4L 5R 5L 6R 6L ik iL 


8R 


8L 9R 9L 


Cut Amt. Metal 


+27 +75 +76 
+26 +24 
+15 


Specimen F-14 (As Welded—12 Beads) 


No. Remeted IR IL 2R 2L 3R 3L 4R 4L 5R 5L 6R 6L iR iL 8R 


8L 9R 9L 


Cut Amt. Metal 


Specimen F-4 (As Welded—16 Beads) 


No. Removed IR 1L 2R 2L 3R 3L 4R 4L 5R 5L 6R 6L iR iL 8R 


8L 9R 9L 


1% 


vil 1% —42 —-25 -—2 
Vill 2 —45 —37 —28 - 21 _- 
IX 2% —51 —37 + 
IX-A — 80 -36 —6 + 
XII 3% —61 —-55 —49 —44 


3% —62 —57 —48 


Cur \mt. Metal 
No. 


Removed IR 2R 2L 3R 


7 —6 +13 +27 +69 +67 
$ —4 +17 +36 

2 —3 + 8 +41 

5 +36 

8 +40 


TABLE VII 


SUMMARY OF STRAIN GAGE DIFFERENCES. 90° CrosS WELDMENT SPECIMENS 


F Steel (SAE-1030) 


Accumulat:ve differences in strain gage readings calculated after each successive cut to determine 
the lineal changes at the various strain gage stations. (Each dial division represents a change in 
stress of approximately 532 psi.) 


Specimen F-2 (900°F SRA—2 Hours) 


3L 4R 4L 5R 5L 6R 6L iR iL 8R 


-60 —60 


8L oR 9L 


1% 


vu 1% —21 —19 -12 
vill 2 —20 —20 -12 
IX 2% —23 -22 -10 -—13 + 
IX-A 27/16 
XI 3% —20 —20 —17 


35% 


Cut Amt. Metal 


+8 +10 
412 +15 


2 
1 

—2 +16 +13 


Specimen F-12 (900°F SRA—6 Hours) 


No. Removed IR 1L 2R 2L 3R 3L 4R 4L 5R 5L 6R 6L iR iL 8R 


8L 9R 9L 


LEGEND 
I, 11, 111, ete. indicate cut locations. 
See Fig. 1. 

i, 2, 3, ete. in headings, indicate strain gage stations. 
R in headings indicates Right Side. 

: relaxation o ompression 
— indicates elongation additional Tension 


additional Compression 
+ indicates contraction } pajaxation of Tension 
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1% —12 -13 —-6 —6 —2 —-1 +8 +7 +21 +20 
vil 1% -18 —-9 —1 —2 +12 +13 
Vill 2 —16 —-9 —-1 —2 +15 +10 
1X 2% —19 —6 -12 +4 
IX-A 27/15 
XI 3% -li —13 A 
3% —18 —-16 —-16 —17 j—-17 —14 


A Readings taken at strain gage stations 7R through 9L after 1-in. strip had been removed 


by Mill Cut I. (See Fig. 1). These data placed opposite Cut No. XI 


for comparison. 


JANUARY 


| 

vI 

IX 2% -64 -23 -38 —4. 1) 
XH 3% —29 —37 A XI 

ror 
= N 
Vv 1% —42 -40 -23 — 
vil 1% —41 -22 -22 — 
Vill 2 -22 -23 -1 
IX-A 27/16 —48 —56 —23 +16 +8 

XIII 3% —43  —48 .—47 —50 -45 -—52 —49 —52 
Vv —46 -27 —7 +31 +29 +85 +84 Vv) 
Vill 2 —58 --65 -—-32 -36 —1 —8 +62 +37 I 
IX 2% —54 —i6 —43 +12 —10 I 
XII 3% -54 —54 —48 XI 

Vv) 

x! 

3 
= —2) —1§ —21 —-15 -22 -—-15 -—15 
pret 


TABLE VII (Continued) 


4R 


Specimen F-5 (900°F SRA—18 Hours) 


Cut Amt. Metal 
No. Removed IR 1L 


3R 3L 4R 4L 5R 5L 


Specimen F-8 (1100°F SRA—2 Hours) 


8R 


9L 


Vv 1% — 3 — 3 
Vil 1% — & — 5 
vill 2 — & —& 

IX-A 27/14 
3% 4 4 


+ 7 + 8 


| 


Specimen F-6 (1300°F SRA—2 Hours) 


Cut Amt. Metal 
No. Removed IR iL 


2R 


2L 


TABLE VIII 


Specimen E-6 (Shot Peening) 


3R 3L 4R 4L 5R 5L 


3 SUMMARY OF STRAIN GAGE DIFFERENCES. 90° Cross WELDMENT SPECIMENS 
STREss RELIEF BY MECHANICAL MEANS 


Accumulative differences in strain gage readings calculated after each successive cut to determine 
the lineal changes at the various strain gage stations. 


(Each dial division represents a change in 
stress of approximately 532 psi.) 


8R 


8L 


9R 


1% — 64 —66 
vil 1% -- 80 


Vill 2 —79 
IX 2% —105 —97 
IX-A 27/18 —106 —96 
XI 3% — 81 —87 

3% — 82 —88 


—32 
—43 
—42 
—45 
—46 
—88 


—38 
—47 
—44 
—37 
—37 
—87 
—97 


8 -—12 +44 +29 +103 
7 —12 +60 +46 


—9 -—12 +55 +43 
+16 +421 
+14 +420 


Specimen E-16 (Tumbling) 


4R 4L 5R 5L 


—86 


—85 


—84 


9L 


—83 


1R 1L 


—49 


2R 


+88 +41 4116 +4215 
+53 +58 
+41 +55 


Specimen F-13 (Shot Peening) 
4R 4L 5R 5L 


—45 —46 
vil 1% —57 —5i7 


Vill 2 —-58 —62 
1X 2% —53 —73 
IX-A 27/1 —53 —72 

XII 3% —52 —52 


—52 —52 


LEGEND 


Fi 


Left Side 


— indicates elongation 


+ indicates contraction ) 


1946 


—25 
—31 
—29 
—19 
—21 
—49 
—51 


1, 11, 11, ete. indicate cut locations. 


—31 
—33 
—42 
—42 
—47 


g.1. 
1, 2, 3, ete. in headings, indicate strain gage stations. 
. in headings indicates Right Side. 


relaxation of Compression 
additional Tension 
additional Compression 
relaxation of Tension 


5 +30 +30 +83 +82 
4 —4 +44 +43 

1 — 4 +60 +40 

2 —10 

8 —12 


J Readings taken at strain gage stations 7R through 9L after 1-in. strip had been removed 
by Mill Cut I. (See Fig. 1). These data placed opposite Cut No. XIII for comparison. 


Cut Amt. Metal ¢ 9 
Ne IR IL 2R 2L |_| |_| 4L 5R 5L 6R 6L iR iL 8R 8L OR 9! 
Vil 1% —14 —13 — 7 7 —1 0 +10 +11 
Vill 2 0 o +12 +8 
1X 2% —16 —16 —8 -7 0 0 
IX-A 
3% —13 -—12 —10 A 
XII 3% -14 --10 —18 -11 -10 -13 -10 
i 
—3 +6 
+ 
Cut Amt. Metal > . 
Vv 1% ~ 0 0 0 £4. +5 
vil 1% mb 0 +4 
vill 2 =) «i +1 
IX-A 27/18 
XII 3% 0 +2 A 
Pi 
— = = 
IX-A 
+ 
+1 
4. 
Aull 3% --50 -53 -47 -52 
|| STRESS RELIEF OF WELDMENTS 37-s e 
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900° F. The investigator believes that in 
the specimens of C and D steels the dif- 
ferences in high-temperature yield 
strengths of the materials (weld and 
parent metals) are sufficient to cause a 
change in stresses and stress distribution 
after SRA, which can easily account for 
the unusual behavior of specimens C-5, 
C-9, D-5 and D-10. Specimens C-8 and 
F-1 were measured only at the 1'/,- and 
1*/,-in. cut levels because their positions 
were so well defined with a minimum of 
machining. 


Discussion of Mechanical Property Test 
Data ¢ 


The Bauschinger effect* is also evident 
in the F steel (SAE-1030). Table ITT indi- 
cates that four beads per specimen usually 
do not take the material at stations 1 and 
2 beyond the yield strength (approxi- 
mately 37,800 psi.); whereas the 8, 12 and 
16 beads per specimen do take the material 
at stations 1 and 2 progressively beyond 
this yield strength. Thus the decline in 
yield strength, as the amount of welding 
and corresponding compressive stresses 
increase in the F steel specimens, is ex- 
plained. It should also be noted that any 
of the stress-relieving temperatures be- 


* See Part I, p. 337-s, June 1945, Taz Wevp- 
ING JOURNAL. 


tween 600 and 1100° F. restore the steel 
to the original yield strength. 

The same phenomenon is apparent in 
the D steel. 


APPENDIX F 
Mechanical Stress Relieving 


Two methods of mechanical stress re- 
lieving were used and the treatments given 
may be described as follows: 


Shot Peening 


Specimens E-6 and F-13 were forwarded 
to the Research Laboratories Division, 
General Motors Corp., Detroit, Mich., 
for the “shot peening’’ treatment. The 
machine used for the shot peening was a 
pneumatic type. A commercial induction 
head and nozzle combination served to 
introduce the shot into the air stream, 
accelerate it and eject it. Shot was fed 
to the induction head by gravity. Rate 
of shot flow was governed by an orifice 
3/, in. in diameter, with a constant head 
of shot above the orifice. The specimens 
were manipulated in the blast by hand 
with an effort directed toward exposing 
the weld uniformly to the blast. The 
time of exposure was 5 min. per weld. 

Figure F1 shows the two specimens side 


A Preliminary Investigation of the 


by side. One of them is shown as masked 
before being peened and the other after 
being peened. 


Tumbling 


Specimen E-16 was forwarded to the 
Caterpillar Tractor Co., Peoria, Ill., for 
the “tumbling” treatment. This specimen 
was attached to one of their drive case 
weldments and tumbled in the same barrel 
for 1 hr. The barrel was charged with 
chilled cast-iron stars from '/; to 2 in. 
over-all dimension. 
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Constitution of Mild-Steel Arc-Weld 


Synopsis 


The oxygen, hydrogen and nitrogen 
contents of mild-steel weld deposits laid 
down under certain standard conditions, 
and also the form in which the oxygen is 
present, have been determined. Deposits 
from six different electrodes were found 
to differ appreciably in their contents of 
the gaseous elements. Observations con- 
necting these differences with the com- 
positions of the electrode coatings have 
been made. 

A knowledge of the distribution of the 
oxygen, coupled with chemical analysis, 
has made it possible to determine the 
amounts of silicon and manganese present 
in elemental form in weld metal. The 
oxide inclusions have been identified by 
X-ray examination. 

The total hydrogen content of weld 
metal is divisible into two parts, one of 
which escapes from the metal at room 
temperatures while the other is held 
more or less permanently. The total 
hydrogen is approximately proportional 
to the total available hydrogen in the 
electrode coating, but the partition of the 


* Received Feb. 20, 1945, by the British Iron & 
Steel Institute and reprinted with their per- 
mission. 

t The Nationa! Physical Laboratory. 


Deposits 


By H. A. Sloman,' M.A., T. E. Rooney,' A.M.S.T., F.R.L.C., and T. H. Schofield, M.Sc. 


gas between the two forms is not constant 
for a given electrode and is apparently in- 
fluenced by factors which are not yet 
understood. 

The effect of heat treatment on the 
microstructure and on the precipitation of 
the nitride-bearing constituent has been 
studied, but no attempt has been made to 
correlate the constitution of weld metal 
with its mechanical or other properties. 

The form of combination of sulphur— 
as manganese sulphide—has been es- 
tablished by X-ray examination, and some 
suggestions in connection with the ap- 
parently anomalous sulphur prints given 
by arc-weld metal are put forward. 


Introduction 


HE very considerable expansion 

which has taken place during the past 
few years in the use of arc-welding methods 
for the construction of a large variety of 
steel structures has led to an increased 
interest in a knowledge of the funda- 
mentals of the metallurgy of steel weld 
metal. At the beginning of 1943, the 
Advisory Service on Welding, Ministry 
of Supply, invited the cooperation of the 
National Physical Laboratory in build- 
ing up the scientific background of ferrous 
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arc welding by an investigation of certain 
problems which are stated below: 

1. One of the chief troubles encoun- 
tered in arc-welded joints is the formation 
of cracks either in the weld deposit itself 
or in the heat-affected zone of the parent 
metal. The role which hydrogen plays 
in causing, or assisting in, the formation 
of the different types of crack is still a 
matter of uncertainty, and although many 
suggestions have been put forward as to 
the way in which the gas behaves in this 
connection, the necessary preliminary 
systematic investigation of the amount 
and form of the hydrogen actually present 
in weld metal has not previously been 
undertaken. The National Physical Labo- 
ratory was accordingly requested to 
carry out an investigation into the hydro- 
gen content of weld metal; to ascertain its 
origin, and thus to make possible a con- 
trol of the conditions, as far as hydrogen 
is concerned, under which weld metal is 
deposited. 

2. The form in which elements such as 
manganese and silicon exist in weld metal 
will affect many of the properties of the 
material. Ordinary chemical analysis 
gives relatively little information on this 
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Table 1—Details of Electrcde Coatings 


3. The relative effects on the hardness 
of weld metal of carbon and nitrogen are 
not completely understood. Before under- 
taking a specific investigation on this 
point, it was hoped that useful informa- 


tains a large percentage of iron oxide and 
those in which titanium oxide preponder- 
ates. In addition to these main constit- 
uents there are normally varying amounts 


types of electrode used in the investiga- 
tion. All have mild-steel core wires (for 
analyses see Table 9). 

The electrodes selected cover the main 
subdivisions referred to above. A and B 


Electrode A. Electrode B. Electrode C. Electrode D. Electrode £. Electrode F.° 
Mineral matter. Iron oxide. Iron oxide. Rutile (TiO,). Rutile (TiO,). Iimenite (60% | Rutile 
Silica. Silica. aCQ,. CaCO,. TiO,, 40% (TiO,) 55-8%,. m 
90% Fe-Mn. 90% Fe-Mn. 90% Fe-Mn. 90% Fe-Mn. FeO). Dolomite 19-29%. in 
Felspar or other | Felspar or other | Felspar or other | Felspar or other | Manganese di- | 90°, Fe- 
silicates. silicates. silicates. silicates. oxide. Mn 154%. hy 
Felspar or other | Orthoclase 9-6%. 
silicates. pr 
m 
Organic matter, | Alpha flock. Asbestos yarn ; Cotton braid. pe 
string or yarn. supported on th 
fine metal 
wire. 
be 
Binder. Alkaline silicates—sodium silicate or a mixture of potassium silicate. 2Na,0.7Si0O, (sp. m 
gr. 1-4). 27 
parts by wt. 
Method of appli- | Extruded as | Dipped, i.e., ap- | Extruded as | Extruded as | Extruded as | Extruded as paste. 0 
cation of coat- paste. plied as a sus- paste. paste. ; paste. 
; ing. pension. i 
* Electrode F was developed by Mr. G. L. Hopkin, Armament Research Department, Ministry of Supply, to whom the authors C 
are indebted for details of the composition. The electrode is known as R.D.1 Standard Electrode. a 
a 
point, but new methods, such as the alco- The two main groups of electrode coat- fluorides were omitted in view of the inter- . 
holic iodine method developed at the ings may be further subdivided according ference of these compounds in the moisture . 
National Physical Laboratory, coupled to the composition of the mineral matter determinations and possibly in the estima- f 
with X-ray analysis of the residue, are now they contain. This classification is not tion of nonmetallic inclusions by the alco- i 
available for the determination of the in- sharply defined, as considerable overlap- holic iodine method. ; 
clusions and have been found to be ex- ping is found. Two main subdivisions In Table 1 are shown the general ; 
traordinarily useful for application to this may, however, be recognized, namely, characteristics of the coatings of the six 
type of problem. those in which the mineral matter con- 


tion might be obtained in the course of 
the work visualized under (1) and (2) 
above, which would indicate possibilities 
for future lines of research on this problem. 

So far, only a preliminary survey of the 
problems has been possible and a wide 
field of research awaits investigation, but 
this paper is presented at the present 
juncture because some interesting results 
have already been obtained. Experi- 
ments carried out both at the National 
Physical Laboratory and elsewhere had 
already shown that weld metal usually 
contains significant quantities of hydro- 
gen. None of these experiments, how- 
ever, constituted a systematic study of the 
problem under controlled conditions, and 
the field was, therefore, essentially un- 
explored.’ Except under unfavorable 
(humid) conditions of laying down arc- 
weld deposits in air, the atmosphere itself 
cannot be regarded as a major source of 
any hydrogen which may enter the metal 
during deposition. A small amount of 
hydrogen may be present in the electrode 
core wire or in the parent plate, but by 
far the most important source is the flux 
coating with which the electrode wire is 
usually covered. The coatings can, in 
spite of considerablé differences in com- 
position, be classified into two groups, 
according as to whether or not they con- 
tain an organic compound of the cellulose 


type—alpha flock, cotton braid, etc.—. 


in addition to the fluxing mineral matter. 
Owing to the necessity for obtaining a high 
degree of adherence of the coating to the 
core wire, a binder—usually an alkaline 
silicate—is also universally employed.' 
After the coating has been applied to the 
wire the electrodes are dried at a relatively 
low temperature. 
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of silica, alkaline silicates of the felspar 
type, alkaline earth carbonates, and ferro- 
alloys such as ferromanganese and ferro- 
silicon. Some commercial electrode 
coatings also contain an alkaline earth 
fluoride, usually calcium fluoride, which 
may replace some of the other constituents. 


Types of Electrode Used in the 
Investigation 


It was decided to examine a small group 
of standard commercial mild-steel elec- 
trodes having as wide a range of flux-coat- 
ing compositions as possible and to adopt 
one single type of weld on mild-steel plate. 
Five commercial electrodes were selected, 
together with one developed by G. L. 
Hopkin of the Armament Research 
Dept., Ministry of Supply, designed to 
have a coating especially low in hydrogen. 
Electrodes having coatings containing 


are similar as regards mineral matter (iron 
oxide-silica type), but A has an admixture 
of organic matter. C, D and F are of the 
titanium oxide type, but D has asbestos 
yarn. £ isalso of the titanium oxide type, 
but differs in having manganese dioxide 
and cotton braid in the coating. In addi- 
tion, in this coating ilmenite is used in- 
stead of rutile. 

At a later date it was decided to include 
in the investigation, for comparison, a less 
extensive examination of weld deposits 
laid down by two automatic processes. 
In one of these a bare mild-steel electrode 
(copper plated to reduce oxidation) to- 
gether with a powdered anhydrous flux, 
consisting essentially of calcium silicate, is 
employed. In the other, a covered elec- 
trode (fluoride-type coating) is used. To 
avoid confusion, it will be convenient to 
consider the results obtained on these 
deposits separately. 


Table 2—Moisture Content of Coatings Expressed in Weight Per Cent 


Moisture at 600° C. Moisture at 1200° C. Differ- 
Weight-%. Weight-%. 
between 
Electrode. Me 
Deter- Deter- Deter- eter- Values. 
mination minatio mination | mination %. 
@ | 1 @ | © 
A 68.WG. .| 841 | 8652 | 845 | 937 | 900 | 918 | 0-73 
2wSswc. || 200 | 208 | 204 | 218 | 226 | 222 | 0-18 
.| ... 2-05 | 221 2-21 | 0-16 
c wswG. || 379 | 357 | 368 | 416 | 422 | 419 | 0-51 
D 128.W.G. .| 504 | 500 | 569 | 572 | 570 0-70 
f 13-02*| 13-29*| 12-48 | 11-9 
E | 12-16 10-40 | 10-99 } 1 | 
6S.W.G. . | 132% at 150° C.; 208% at 820° C. 


* Sample mixed with copper oxide. 
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Determination of the Hydrogen Present 
During Deposition of Weld Metal 


As indicated above, the most probable 
source of the hydrogen present in weld 
metal is that combined in various forms 
in the electrode coating: moisture re- 
maining after the makers’ drying process, 
hydrogen in the organic matter (where 
present), and water combined with the 
mineral matter or binder. It is to be ex- 
pected that, whereas water derived from 
the first two sources will be released at 
relatively low temperatures—probably 
below 600° C.—that combined with the 
mineral matter or binder will be com- 
pletely evolved only at higher tempera- 
tures, possibly not until the fusion point 
of the coating is reached. 

During the actual welding operation, 
the whole length of the electrode is raised 
considerably above room temperature. 
Opportunity is thus available for drying 
and combustion of organic matter to occur 
at a distance along the electrode from the 
weld. It seemed reasonable, therefore, to 
suppose that the amount of combined 
water in the coating might exert more in- 
fluence on the quantity of hydrogen enter- 
ing the weld deposit than that produced— 
possibly in greater quantity—by the dry- 
ing of the coating and the combustion of 
its organic constituents. The object of the 
investigation outlined under (1) above 
may thus be more specifically stated as 
follows: To determine the hydrogen con- 
tent of mild-steel weld metal deposited 
under standard conditions using the 
standard electrodes listed in Table 1, and, 
if possible, to correlate the results with the 
amount of hydrogen present in one form 
or another during the deposition of the 
metal. This hydrogen includes that in the 
parent plate and in the core wire, in addi- 
tion to the potential hydrogen present in 
one or all of the forms indicated above in 
the flux coating of the electrode. 


Sizes of Electrode Core Wires and Parent 
Plate 


It was hoped at the commencement of 
the investigation to examine each type of 
electrode in selected core-wire sizes be- 
tween 12 and 4 S.W.G. This has, how- 
ever, not so far been possible and the 
actual sizes employed are listed below: 


Electrode A....... 6 S.W.G. 
12 and 8 S.W.G. 
...12S.W.G 
12S.W.G 
12 S$.W.G 
_ 6S.W.G 


A sufficiently large piece of a 1-in. mild- 
steel plate for the investigation was pro- 


vided through the courtesy of the Ad- 
visory Service on Welding, Ministry of 
Supply. 


Hydrogen Contents of the Electrode Core 
Wires and Plate 


The hydrogen contents of the plate and 
of representative samples of each elec- 
trode core wire were determined by the 
vacuum-fusion method.? The results are 
given in Table 9 and are very low. 


Standardized Treatment of the Electrodes 


Since each make and size of electrode 
was obtained in one large batch, it was 
assumed that the composition and poten- 
tial hydrogen content of each coating 
would be consistent. In order, however, 
to standardize, as far as possible, the 
moisture content of the coatings, the elec- 
trodes were baked at 50° C. for 2 hr. in an 
air oven before use. This temperature 
was chosen so as not to affect the organic 
constituents of the coating, when present. 


Determination of the Ratio of Weight of 
Core Wire to Coating 


After the above standardizing treat- 
ment, the weight of coating per 100 gm. 
of core wire for each electrode was de- 
termined and is shown in Table 3. The 
coatings after stripping were broken into 
small pieces and used in the determinations 
of moisture content; fine grinding of the 
coatings was not considered desirable 
owing to the possibility of gain or loss of 
moisture. 


Moisture Determinations on the Coatings 


In order to distinguish moisture de- 
termined by the usual “combustion of 
organic material” method at about 
600° C.—which will include moisture re- 
tained after the makers’ “‘stoving’’ process 
as well as water formed by the oxidation 
of organic matter—from water combined 
with the mineral matter, it was proposed 
to make determinations at a series of 
temperatures commencing at 600° C. and 
going, if possible, up to the fusion point of 
each coating. 

These determinations were carried out 
in a quartz tube, 24 in. long and 1 in. in 
diameter, closed at one end. The open 
end was fitted with a glass cap carrying a 
quartz delivery tube which projected in- 
side the main tube to the closed end. The 
delivery tube was connected to a P,O; 
drying tube, a bubbler containing con- 
centrated sulphuric acid, and a cylinder of 
oxygen. An exit tube from the glass cap 
was connected to a P,O; drying tube and a 
bubbler containing concentrated sulphuric 
acid. One gram of the sample of coating 


Table 3—Potential Hydrogen in Electrode Coatings 


Potential 
Wt. of Coa’ Wt. of Water Wt. of Water 

Electrode. per 100 in Coating at per 100 g. of Wire 

Wire, g. 1200° C. %. Wire, g. 
A 6S.W.G. . 26-5 9-2 2-4 3000 
B {12 | aaa 46-6 2-2 1-0 1300 
8 S.W.G. . 42-3 2-2 0-85 1150 
C 128.W.G. ‘ 40-8 4-2 1-7 2100 
D 128.W.G. ‘ 31-4 5-7 1-8 2200 
E 128.W.G. ° 31-9 11-2 3-6 4400 
F 6 S.W.G. ‘ 32-5 2-1 0-7 850 

(at 820° C.) 


was weighed into a silica or fireclay boat 
and the boat placed inside the quartz 
tube near to the closed end. The tube was 
heated in a carborundum-type electric 
resistance furnace. 

In order to ensure complete combustion 
of organic matter, it was found necessary 
to commence the heating with the closed 
end of the furnace tube projecting beyond 
the far end of the furnace. When a 
temperature of 600° C. was reached, the 
tube was gradually drawn within the hot 
zone of the furnace, dry oxygen being 
passed over the sample continuously. 
Heating was continued for 2 hr. after the 
sample had entered the hot zone. The 
tube was then withdrawn from the furnace 
and allowed to cool to room temperature. 
The P.O; weighing tube was weighed be- 
fore and after the experiment. A similar 
procedure was adopted at the higher tem- 
peratures, the furnace tube being drawn 
in when the temperature had reached 
600° C. and the desired working tempera- 
ture attained as rapidly as possible. The 
“blank” for the apparatus even at the 
highest temperature employed was 
negligible. 

With coatings which included string or 
yarn, a proportionate amount was in- 
cluded in the sample for the determination. 

With every coating, incipient fusion 
commenced at about 1200° C. and a fluid 
fusion was obtained at about 1300° C. 
A temperature of 1200° C. was sufficient 
to ensure a total yield of moisture. It was, 
moreover, found that the difference be- 
tween the moisture as determined at 600 
and at 1200° C. was small, and it was 
decided not to employ intermediate tem- 
peratures. The main work was, there- 
fore, carried out using temperatures of 
600° and 1200° C. only. The results of 
individual determinations are given in 
Table 2. 

Difficulty was experienced with the coat- 
ing of electrode E, probably because of the 
high proportion of cotton braid (57% 
approximately by weight). A portion of 
the mineral matter tended to adhere 
closely to the braid and was difficult to 
detach. It was, therefore, not easy to 
ensure that the analytical samples con- 
tained the correct porportions of mineral 
matter and braid. This is shown by the 
scatter of the results for this coating in 
Table 2. 

With a high proportion of organic 
matter, as in this coating, it seemed de- 
sirable to assist the action of oxygen in 
producing complete combustion by mixing 
the sample with copper oxide. This was 
tried for two samples (600° C.) and 
appeared to lead to higher and more con- 
sistent results. Copper oxide could not 
be used at the higher temperature 
(1200° C.), so alumina was tried but led 
to the fracture of the quartz furnace tube. 
The results shown in Table 2 for a tem- 
perature of 1200° C. were, therefore, ob- 
tained by the normal procedure as 
indicated above. 

The measurements of the moisture con- 
tent of the coating of electrode F were 
carried out by G. L. Hopkin, who, as 
indicated earlier, was responsible for 
introducing this experimental coating. 
Electrode F was not available when the 
moisture determinations were being car- 
ried out at the National Physical Labora- 
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tory and it was decided that it was not 
necessary to determine its moisture con- 
tent at 600 and 1200° C. 

In Table S are summarized the results 
of the moisture determinations together 
with the weight of coating per 100 gm. 
of core wire and the potential hydrogen 
(calculated from the moisture determina- 
tions) per 100 gm. of wire. 

In calculating the potential hydrogen, 
the total water content (as determined at 
the highest temperature employed) of 
each coating has been used. If the sug- 
gestion that the water combined with 
the mineral matter is the significant factor 
in controlling the amount of hydrogen 
which enters the weld deposit, were cor- 
rect, then it would have been more ac- 
curate to consider as a source of potential 
hydrogen only that portion of the water 
which is evolved above 600° C. From 
the work which has been carried out to 
date, it appears, however, that this theory 
is not borne out in practice. The hydro- 
gen found in a weld is approximately pro- 
portional to the total water content of the 
coating rather than to either of what may 
be termed the “low-temperature water’”’ 
or the “high-temperature water.” 

A comparison between the results in 
Tables 3 and 9 shows that the hydrogen 
contents of the plate and core wires are 
insignificant as compared with those of the 
coatings. 


Determination of the Hydrogen in Weld 
Metal 


Type and Size of Weld 


One standard type and size of weld was 
used throughout. The channel rather 
than the fillet type was selected and, in 
order to provide sufficient weld metal at 
the base of the channel for subsequent 
examination, a U-section was chosen, 
the form of which was as follows. The 
base on which the weld metal was de- 
posited, consisted of a piece of the standard 
mild-steel plate, 6 in. long, 1 in. wide and 
1/, in. thick. Two pieces of copper plate, 
each 6 in. long, 11/2 in. high and '/2 in. 
thick, were clamped one on each side of 
the steel plate. This provided a channel 
of rectangular section, 6 in. long, 1 in. 
wice and 1 in. deep, of which the base 
was steel and the sides copper, the ends 
being open. This channel was filled with 
weld metal, the copper sides, te which the 
deposit did not adhere, were removed, and 
the remaining composite, consisting of a 
weld deposit (6 x 1 x 1 in.) attached to the 
steel base, was ready for subsequent 
operations. The weight of such a deposit 
was about 600 gm. 


Method of Welding 


Welding was carried out, using A.-C. 
arc-welding equipment, with the channel 
supported so that it sloped longitudinally 
at about 30° to the horizontal. The de- 
posit was laid down across the full width 
of the steel base, working upward from 
the lowest point. When one complete run 
had been deposited, the whole mass was 
severely quenched in water, a “4, after the 
slag had been removed, was replaced on 
the support, but reversed longitudinally 
so that the second run was laid down in 
the opposite direction from the first. 


Table 4—Hydrogen Extracted from Welds at Room Temperature 


The quenching, removal of siag and re- 
versal were carried out after every run 
until the channel was completely filled. 

The average current during the welding 
operation was noted for each make and 
size of electrode. 

The conditions of welding were designed 
to retain as much hydrogen as possible 
by severe quenching after each run. It is 
possible that, in a multriun deposit of the 
type employed, hydrogen may be lost from 
earlier runs during the deposition of later 
ones. This point will be considered later. 
From the extreme conditions employed in 
the present investigation, it is possible to 
postulate others, less drastic in nature, 
until natural air cooling between indi- 
vidual runs is reached, and it may be 
desirable that the work should be repeated 
using another set of conditions more 
closely related to those obtaining in 
practice. It must be borne in mind, how- 
ever, that the type of weld itself would 
not be used industrially, particularly with 
12 S.W.G. core wires, and was chosen 
solely with a view of obtaining a large 
mass of weld deposit at the base of the 
channel so that a comparison could be 
made of the effect on such constituents as 
oxygen and nitrogen of weld metal laid 
down well screened from air (at the base 
of the deep channel) and similar metal not 
so screened (at the top of the channel). 


Extraction of Hydrogen at Room Tem- 
perature 


Preliminary experiments confirmed the 
view that hydrogen may begin to be 
evolved from mild-steel weld metal at 
room temperature immediately after depo- 
sition. It was thus necessary to place 
the weld in a closed vessel as soon after 
completion as possible, so that as gas was 
evolved it could be collected and analyzed. 
Immediately, therefore, the final run had 
been deposited and the quenching and 
removal of slag carried out, the copper 
walls were removed and the weld, with its 
attached steel base, placed in a closed 
chamber. The final quenching was car- 
ried down to a temperature of about 100° 
C., so that when the metal was removed 
from the bath, it continued to steam dur- 
ing the process of slag removal, drying off 
practically all the adhering water. 

The apparatus employed for these ex- 
periments is as follows: The closed cham- 
ber consists of a rectangular-section steel 
vessel (6'/, x 1'/4 x 15/, in.) into which 
the weld with its steel base fits snugly 
leaving only a small dead space (about 
100 cc.). One end of the vessel is per- 
manently closed, while to the other is 
welded a large flange. A similar flange, 
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Hydrogen Extracted Rate of Hydrogen 
: Evolution at Termi- 
Electrode. a nation of Experiment. | Duration of Experi- 
at ih ml. per 100 g. of weld ment, days. 
per day. 
A 68.W.G. 0-01 | 

B { 12 S.W.G. 1-2 0-01 24 
8 S.W.G. > 2-3 0-01 42 
C 128.W.G. ‘ 1-4 0-01 27 
D 128.W.G. 2-8 0-01 36 
E 128.W.G. ‘ 2-0 0-01 58 
F 6 S.W.G. 3-2 0-01 70 


with a short length of small-bore steel tube 
attached, forms the lid of the vessel, the 
two flanges being lapped optically flat to 
produce a vacuum-tight joint. (A small 
quantity of vacuum grease is used as a 
lubricant.) The steel tube leading from 
the lid of the vessel is connected through a 
glass tap to a system consisting of a Toe- 
pler pump (having its own isolating tap), 
a McLeod vacuum gage, a small drying 
tube containing P,Os, and a side tube lead- 
ing, via a second glass tap, to a large 
vessel (5-liter capacity) and a rotary oil- 
vacuum pump. The purpose of the P,O; 
is to adsorb any residual water remaining 
on the surface of the weld and is essential 
in order to permit pressure readings to be 
taken on the McLeod gage. The volume 
between the Toepler pump and the vessel 
containing the weld is kept as small as 
possible. The whole system is arranged 
to be vacuum tight and kept permanently 
assembled, except for the vessel holding 
the sample, which is detached as required 
at the flanged joint. 

The method of operation is as follows: 
The whole system up to the tap connect- 
ing with the sample vessel is evacuated 
down to a pressure of about 0.01 mm. 
of mercury and the Toepler pump is then 
isolated. As soon as a weld sample is 
ready (i.e., within 5 min. of the comple- 
tion of the last run), it is placed in the 
sample vessel and the joint to the lid 
made. The tap attached to the lid is then 
opened and the gas (air) in the dead 
space around the weld allowed to expand 
into the large reservoir for a period of 
about 4-5 sec., after which the tap to the 
reservoir is closed, the pressure of the gas 
in the sample chamber having been re- 
duced to about 15 mm. of mercury (i.e., 
its volume is reduced from about 100 to 2 
ml. at N.T.P.). The tap to the Toepler 
pump is now opened and the pump oper- 
ated down to a pressure of about 0.0! mm. 
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Fig. 1—Hydrogen Evolved at Room Tem- 
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Table 5—Oxygen, Nitrogen and Hydrogen (Residual) by Vacuum Fusion 


Position Hyd . Average | 
Nitrogen. Hydrogen | 
iectrode. Weld Wt.-%. (Residual), | (Residual), 
mi. per 100 g-| mj. per 100 g. 
[4 68.W.G. Top (a) 0-10 0-010 7-6 
(Iron silicate (b) 0-09 0-009 8-0 8-0 
type). Base (a) 0-09 0-010 8-0 
(b) 0-10 0-010 8-5 
F 12 8.W.G. Top (a) 0-14 0-028 6-5 
(Iron silicate (b) 0-14 0-027 5-7 58 
type). Base (a) 0-14 0-031 4-8 
(b) 0-14 0-025 6-1 
B 88.W.G. Top (a) 0-14 0-014 3-9 
(Iron silicate (b) 0-13 0-013 4-0 1 
type). Base (a) 0-14 0-014 4-4 
(b) 0-13 . 0-013 4-2 
128.W.G. Top (a) 0-09 
Rutile type). (b) 0-09 . 
0-10 0-020 6-3 6-8 
(b) Q:09 0-021 7-0 
D 1258.W.G. Top (a) 0-11 
Rutile type). (b) 0-12 0-0 ' 
ei Base (a) 0-12 0-031 6-4 “ 
(b) 0-12 0-034 6-0 
E 128.W.G. Top (a) 0-13 0-038 16-5 
(Ilmenite, man- (b) 0-13 0-039 18-0 15-8 
ganese di-| Base (a) 0-13 0-039 14-0 
oxide type). (b) 0-13 0-039 14-8 
F 6 S.W.G. Top (a) 0-06 0-055 1-3 
(Rutile type). (b) 0-06 0-056 1-8 1-5 
Base (a) 0-06 0-054 1-3 
(6) 0-06 0-055 1-7 


of mercury, the gas being collected in a 
suitable tube ready for analysis. As gas 
is evolved from the weld, it is removed 
from the system by means of the Toepler 
pump, the pressure being kept as low as 
possible (it unavoidably builds up over- 
night). At the commencement of each 
experiment, the gas collected during each 
24-hr. period is measured and analyzed. 
In the later stages, however, insufficient 
gas is evolved in 24 hr., and measurements 
and analyses are carried out at longer 
intervals. 

During the first few days, the rate of 
evolution is relatively high, but it gradu- 
ally falls until, after a period which may 
extend to 60 days or more, it has become 
almost zero. The experiments were in 
every case terminated when the rate of 
evolution had dropped to 0.01 ml. per 100 
gm. of weld per day, and the weld was then 
removed from the sample chamber for the 
machining necessary for the next stage in 
investigation. 

Except for the gas collected at the start 
of an experiment, which is essentially 
residual air, analysis showed that over 
the whole course of a determination, 
hydrogen only is evolved from weld metal 
in the cold. 

It will be noted from the above descrip- 
tion of the operation of the experiment, 
that once the tap leading to the reservoir 
has been closed, all gas within the sample 
vessel is collected and analyzed. A doubt 
arose, however, as to whether, by allowing 
the major portion of the original air 
round the sample to escape to waste into 
the reservoir, a certain amount of hydro- 
gen had not already been evolved and was 
not also being lost. The reason for the 
adoption of the. procedure as described, 
was that owing to irregulari‘ies in the top 
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surface of the weld, it was not possible to 
design a vessel which would give a dead 
space appreciably less than the 100 cc. 
indicated. If, therefore, all the gas in this 
space (100 ml. at N.T.P.) were collected 
by means of the Toepler pump, the initial 
analysis in each experiment would be 
difficult and tedious, since it would in- 
volve the determination of a small quan- 
tity of hydrogen in a very large volume of 
air. This latter procedure was, however, 
adopted in some of the preliminary experi- 
ments and it was found that within the 
limits of experimental accuracy, no 
hydrogen is lost during the 4—5 sec. while 
the original air contained in the sample 
vessel is disposed of by expansion into the 
reservoir. 

In Table 4 the results for typical welds 
made with the various electrodes are 
given; the hydrogen which represents 
that amount which is extracted in vacuo 
at room temperature is expressed as 
milliliters at N.T.P. per 100 gm. of weld 
metal. 

The form of the evolution curve is 
similar in every case examined, and four 
such curves are shown in Fig. 1. 


Machining the Weld 


Before the next stages of the investiga- 
tion could be undertaken, it was necessary 
to cut the weld deposit in various ways. 
Since preliminary experiments had shown 
that, after the termination of the cold ex- 
traction, there still remained within the 
deposits significant amounts of residual 
hydrogen, it was proposed to determine 
these, together with the total oxygen and 
nitrogen, by the vacuum-fusion method. 
In this connection it was important to 
know whether the exposure of new sur- 
faces by machining would lead to an in- 
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crease in the rate of hydrogen evolution 
at room temperature, and thus result in 
the loss of an indeterminate part of the 
residual hydrogen during the preparation 
of the specimens for vacuum-fusion 
analysis. 

The actual machining operations are as 
follows: First the weld metal is separated 
from the base plate by a longitudinal cut 
parallel to the upper surface of the base 
plate and about '/s in. inside the deposit 
itself. Then about 1 in. is removed from 
each end of the deposit ‘to eliminate end 
effects and finally, by another longitudinal 
cut, parallel to the first, the metal is 
divided into two approximately equal por- 
tions—an upper and a lower. A specimen 
for vacuum-fusion analysis is then ma- 
chined from each end of each portion of the 
weld-——the two specimens from the upper 
portion being taken from as near the top 
surface as possible, while those from the 
lower portion are taken very close to the 
base. These operations take in all about 
2-3 hr., after which the specimens are 
weighed, inserted in the previously assem- 
bled vacuum-fusion apparatus and the 
determinations of oxygen, nitrogen and 
hydrogen commenced at once. 

It will be seen from Table 4 that the 
rate of evolution of hydrogen at the end 
of the cold extraction was about 0.01 ml. 
per day per 100 gm. of metal. If the ex- 
posure of fresh surfaces produced no 
effect, then after the machining operations, 
the evolution should continue at the same 
—negligible—trate as before. Accord- 
ingly, on several occasions, a weld sample 
was brought to the stage when normally 
the cold-extraction experiment would be 
terminated and the vacuum-fusion analy- 
sis commenced. Instead, however, after 
the machining operations outlined above 
had been carried out, all the pieces were 
immediately returned to the cold-extrac- 
tion apparatus. The new rate of evolu- 
tion was followed over the course of 
several days and in every case it was 
found, after allowing for the loss in weight 
during machining, that the rate con- 
tinued just as it would have done had the 
metal not been removed and machined. 
It was assumed, therefore, that only a 
negligible loss of hydrogen would be in- 
curred by the procedure adopted in pre- 
paring vacuum-fusion specimens. 


Vacuum-Fusion Analyses of Weld Samples 


The total oxygen, nitrogen and hydro- 
gen (residual) contents of the specimens 
taken from the four positions within each 
weld deposit indicated above, were de- 
termined by the vacuum-fusion method 
and the results are recorded in Table 5. 
It should be noted that these results were 
obtained on the same individual samples 
as were used in determining the hydrogen 
extracted at room temperature and given 
in Table 4. 

It will be seen that for any given weld 
sample, the oxygen values obtained on 
specimens from widely different positions 
are extraordinarily consistent. This is 
no doubt due to the care taken to avoid 
even the smallest slag inclusions. The 
nitrogen results are similarly consistent. 
Most investigators, working with V-type 
samples, have reported a considerable 
difference in the nitrogen content of speci- 
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Table 6—Total Hydrogen in Welds 


Hydrogen in Weld, ml. per 100 g. 
Electrode. 

Cold Extraction. Vacuum Fusion. Total. 

A 6 S:W.G. . 5-4 8-0 13-4 
B 8.W.G. . 1-2 5-8 7-0 
88.W.G. . 2-3 4-1 6-4 

C 128.W.G. . , 1-4 6-8 8-2 
D 28.W.G 2-8 6-6 9-4 
E i128.W.G 2-0 15-8 17-8 
F 68.W.G 3-2 1-5 4-7 


mens taken from the top and bottom of 
the V. Possibly the shape of the channel 
in the present case may account for the 
fact that the nitrogen has not been found 
to show similar variations. 

All welds made with the same make and 
size of electrode under the conditions used 
in the present investigation, show com- 
plete consistency in their oxygen and 
nitrogen contents. As will be seen from 
Table 5, however, there is a considerable 
difference in ‘both the oxygen and the 
nitrogen contents of welds made with 
different electrodes. The oxygen range 
has been found to extend from 0.06 to 
0.14%, while the nitrogen varies from 
0.010 to 0.055%. Differences in oxygen 
content were noted not only between 
welds made with electrodes of different 
types but also between those made with 
electrodes of the same type. (Compare 
the oxygen in samples made with elec- 
trodes A and B—iron silicate type—and 
that in samples made with electrodes 
C, D, E and F—titanium oxide type.) 
Under standard conditions the oxygen 
content appears to depend only on the 
composition and, possibly, the amount, 
of the coating and not on that of the core 
wire. This is illustrated by electrode B of 
which two sizes, having different core- 
wire compositions (Table 9), have been 
examined. The oxygen is the same for 
both. The nitrogen, however, appears to 
be influenced by core-wire size or com- 
position (see Table 5, electrode B, 8 and 12 
S.W.G.). Possibly the size of bead affects 
the nitrogen content. Further considera- 
tion of the nitrogen in welds will be found 
in the section on the metallographic ex- 
amination of welds. 

Neither the oxygen nor the nitrogen in a 
weld sample bears any relationship to the 
amounts of these elements in the parent 
plate or electrode core wire (see Table 9). 


Total Hydrogen in the Welds 

Table 5 shows that the residual hydro- 
gen in a weld sample varies somewhat 
more, from position to position, than do 
the oxygen and nitrogen. 


The total hydrogen in a particular 
sample is obtained by adding the amount 
extracted in the cold to that determined by 
vacuum-fusion analysis (average value, 
last column in Table 5), using the same 
sample throughout. The values for the 
electrodes examined are given in Table 6. 

For any particular make and size of 
electrode, determinations carried out on 
different weld samples showed that the 
total hydrogen is approximately constant 
from weld to weld made under the 
same controlled conditions (see Table 8) 


against the total potential hydrogen: in 
the respective flux coatings, while Table 7 
shows the values from which Fig. 2 was 
derived. 

In Fig. 2 a straight line has been used, 
as this appears to be the most suitable 
method of connecting the experimental 
points, in the absence of additional points 
nearer the origin than that corresponding 
to electrode F. It was considered de- 
sirable to extrapolate the line and draw it 
in such a way that it passed through the 
origin since this should be a point on any 
curve connecting potential hydrogen with 
hydrogen in a weld. Confirmation of this 
was later found in an examination of a 
weld made using an anhydrous flux. In 
this case both the potential hydrogen in 
the flux and the total hydrogen in the weld 
deposit were extremely small. 

, From the foregoing it is apparent that 
the hydrogen content of weld metal de- 
posited under the standard conditions 
used in the present investigation depends 
almost linearly on the potential hydrogen 
in the coating of the electrode and is inde- 
pendent of the form in which this potential 
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Potential Hydrogen in Flux ting 


Attempts were, therefore, made to corre- 
late this total hydrogen with the potential 
hydrogen present during welding. No 
relationship could be established with the 
potential hydrogen in the flux coatings 
derived either from the ‘‘low-temperature 
water” (i.e., water evolved at 600° C.) or 
from the “high-temperature water” (i.e., 
water evolved above 600° C.). A reason- 
able proportionality was, however, found 
to exist between the total hydrogen in the 
weld and the total potential hydrogen 
present during welding (i.e., total water as 
determined at the fusion point of the 
coating, but ignoring the negligible 
amounts of hydrogen present in the base 
plate and core wire). Figure 2 shows the 
total hydrogen in samples made with the 
different electrodes examined, plotted 


Table 7—Relation Between Total Hydrogen in Weld and Potential Hydrogen in 


Coating 
Total Hydrogen Potential Hydrogen 
Electrode. in Weld, in Coating, 
ml, per 100 g. ml. per 100 g. a 
(a). (0). 
F 6 8.W.G. ad 4-7 850 180 
B 8 8.W.G. ° 6-4 1150 180 
B 128.W.G. . ° 7-0 1300 186 
128.W.G. 9-4 2200 234 
658.W.G. 13-4 3000 224 
E 128.W.G. 17-8 4400 247 


hydrogen exists within the coating, i-., 
whether it results from decomposition of 
organic matter, such as cellulose, or is 
present combined with the mineral con- 
stituents. It seems very probable that 
the exact relationship between total 
hydrogen in the weld and potential hydro- 
gen in the coating {i.e., the actual slope of 
the line in Fig. 2), will depend on several 
factors such as type of weld—channel, 
butt or fillet—conditions of cooling be- 
tween runs, etc., but for each set of condi- 
tions the curve should be of the same form 
as in Fig. 2, the only difference being that 
each will possess its own characteristic 
slope. The conclusions to be drawa from 
the present experiments should, therefore, 
be capable of general application. 

One further point of interest is that in 
the present experiments the relation be- 
tween total hydrogen and potential hydro- 
gen has been found to be independent of 
core-wire size. It was anticipated that, 
owing to the different number of runs re- 
quired to fill the experimental channel and 
the different amperages used for different 
sizes of core wire, the results for the vari- 
ous sizes would not all fit on one line as in 
Fig. 2, but on a series of lines radiating 
from the origin. 


Hydrogen in Parent Plate 
The hydrogen content of the mild-stee! 
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Table 8—Proportions of Total Hydro- 


gen Obtained by Cold Extraction and 
by Vacuum Fusion 
Hydrogen in Weld, ml. per 100 g. 
= Total. 
Cold Extraction. | Vacuum Fusion. 

1-4 6-8 8-2 
31 5-5 8-6 
2-2 5-7 7-9 
1-6 6-7 8-3 


plate used as the base on which weld metal 
was deposited was very low (Table 9). 
During the extraction of hydrogen from a 
sample in the cold, the parent metal was 
still attached to the deposit. The values 
for the amount of gas evolved at room 
temperature therefore include, in every 
case, any hydrogen which may have been 
picked up by the parent plate—either dur- 
ing deposition of the weld metal or later, 
by diffusion from the deposit—and subse- 
quently evolved from the plate. At the 
end of the cold extraction, when the de- 
posit was separated from the plate, the 
residual hydrogen content of the latter 
was determined along with that of the 
specimens taken from the deposit itself. 
In every case it was found to be of the 
same order as in the original plate (about 
0.8-.01 ml. per 100 gm.), implying that 
if any hydrogen had entered the parent 
material, it had diffused right through it 
by the time the cold extraction experiment 
was terminated. 


It is legitimate, therefore, as has been 
done in the present case, to add the 
amount of hydrogen extracted in the cold 
from both deposit and parent plate to the 
amount of residual hydrogen in the de- 
posit alone in order to obtain the total 
hydrogen resulting from a particular con- 
centration of potential hydrogen during 
deposition. 


Distribution of Hydrogen in Weld Metal 


In determining the total hydrogen in 
weld metal laid down with a particular 
electrode, the same sample was used 
throughout. It was found that while, as 
stated above, the total hydrogen is ap- 
proximately constant from weld to weld, 
the proportion of this total which is 
evolved in the cold varies considerably. 
The residual hydrogen (i.e., that subse- 
quently determined by vacuum-fusion 
analysis) shows, of necessity, similar 
variations, in order that the total may 
remain constant. 

This effect is well illustrated by the 
results obtained using electrode C 
(12 S.W.G.) and shown in Table 8. Four 
separate welds made under identical 
conditions were examined. 

Similar variations were found whenever 
two or more samples were prepared using 
any one of the particular electrodes in- 
vestigated. An interesting implication is 
that the amount of hydrogen evolved in 
the cold has no relation to the total pres- 
ent. In fact, more may be evolved from 


Table 9—Analyses of Plate, Core Wires and Weld Deposits 


a deposit having a lower total hydrogen 
than from one in which the total is higher 
(cf. welds made with electrodes C and F 
in Table 6), but it was noted that, except 
in a few cases, it does not exceed 50% 
of the total. 

This variability in the amount of hy- 
drogen evolved in the cold from similar 
samples appears to be a general phe- 
nomenon which could not be controlled 
by the operator. It seems possible that it 
is due to a very fine porosity within weld 
metal, arising from causes about which 
very little is at present known, such as, for 
example, variations in the temperature or 
other electrophysical characteristics of the 
arc during welding. 


Chemical Examination of Welds 
Chemical Analyses 


Chemical analyses were carried out on 
the mild-steel parent plate, on representa- 
tive samples of each make and size of 
electrode core wire and on the weld de- 
posits made with them. In the case of a 
weld, turnings from the various machining 
operations were mixed to give an average 


sample. The results are given in Table 9. 
Distribution of Oxygen in the Oxide 
Inclusions 


The distribution of oxygen in the in- 
clusions in the weld samples was de- 
termined by the alcoholic iodine method. 
The extraction of the oxides was carried 
out at a temperature of 65° C., which 


Nitrogen. Wt.-%. 
Sul- | Phos- | Manga- | | Chrom-| Molyb- | Titan- 
Wt.-%. | Wt.-% horus. | nese. | wy %. ium. | denum.| ium. Fusion).| Mi. per | 
t.-%. | Wt.-%. | Wt.-%. | | Wt-%. | Wt.-%. | wea Vacuum | Chemi- 
8- | Pusion. cal. 

Mild-steel base plate . " 0-18 0-043} 0-042 | 0-032 | 0-53 |<0-01 |<0-02 Nil Nil |°0-010 0-7 | 0-002 ; 0-002 
Electrode A rewire . 0-12 0-010} 0-026 | 0-017 | 0-49 0-07 0-05 Nil Nil 0-012 0-7 | 0-003 | 0-003 
(6S8.W.G.) \Weld . . 0-09 0-057| 0-026 | 0-035 | 0.47 0-09 0-11 Nil Nil 0-10 13-4 | 0-010 | 0-010 
Electrode B fCorewire . 0-08 0-020; 0-016 | 0-012 | 0-59 0-15 0-05 Nil Nil 0-008 0-8 | 0-003 | 0-002 
(125.W.G.) (Weld . . 0-05 0-040; 0-030 | 0-044 | 0-40 0-04 0-12 Nil Nil 0-14 7-0 0-028 | 0-025 
Electrode B {Corewire . 0-07 |<0-010/| 0-027 | 0-030 | 0-34 0-03 0-08 Nil Nil 0-010 0-6 | 0-003 | 0-002 
(8 8.W.G.) (Weld <0-05 0-020; 0-029 | 0-036 | 0-24 0-05 | 0-15 Nil Nil 0-13, 6-4 | 0-013,| 0-014 
Electrode C {Corewire . 0-07 0-015} 0-025 | 0-005 | 0-53 0-06 0-06 Nil Nil 0-017 0-9 | 0-003 | 0-003 
(12 8.W.G.) (Weld ° 0-07 0-060} 0-033 | 0-025 | 0-47 |<0-01 0-16 Nil |<0-01 | 0-09 8-2 | 0-020,| 0-025 
Electrode D {Corewire . 0-12 0-020; 0-026 | 0-018 | 0-41 0-21 0-06 Nil Trace | 0-022 0-7 | 0-003 | 0-003 
(128.W.G.) (Weld . . 0-05 0-060; 0-043 | 0-026 | 0-23 0-02 0-21 Nil 0-01 0-12 9-4 0-031 | 0-028 
Electrode E (Core wire. 0-09 0-010} 0-028 | 0-008 | 0-46 0-06 0-04 Nil Nil 0-011 0-5 | 0-003 | 0-004 
(12 8.W.G.) (Weld ° 0-07 0-043; 0-013 | 0-034 | 0-24 0-09 0-16 Nil |<0-01 | 0-13 17-8 | 0-039 | 0-041 
Electrode F §Corewire . 0-05 |<0-010/ 0-022 | 0-016 | 0-52 0-08 0-08 Nil Nil 0-015 10 | 0-003 | 0-003 
(68.W.G.) \Weld . ° 0-05 0-11 | 0-029 | 0-036 | 0-50 0-02 0-08 Nil 0-02 | 0-06 4-7 0-055 | 0-050 


* For the plate and core wires, the h 
represent the sum of the quantity evo 


rogen values were obtained by the vacuum-fusion method. For the weld samples, the figures 
in the cold and the residual amount subsequently determined by the vacuum-fusion method. 


Table 10—Analyses of Iodine Residues from the Welds 


Oxide in the Residue and Equivalent Oxygen Value, Expressed as a Percentage of the Weld Metal. 
| Total Oxygen. 
70° 
Electrode. Si0,. FeO. Al,O,. MnO. Cr,0,- P,0,. Ti0,. | ail 
Oxy Oxy Oxy | | Todine 
xy- xy- xy- xy- | xy- | | Fusion 
Oride. | ‘gen. | Oxide.| gen. | Oxide.| gen. | Oxide.| pon. | Oxide.| | Oxide.| | Oxide. Method.) sethod 
A 68.W.G. 0-099 | 0-053 | 0-016 | 0-003,| 0-005 | 0-002 | 0-123) 0-028/ ... ' ... |0-002|0-001| ... | ... | 0-09 | 0-10 
B gas 8.W.G. 0-044 | 0-024 | 0-200 | 0-044 | 0-002 | 0-001 | 0-162 | 0-036 | 0-026 0-008 | 0-025 / 0-014! ... vw =| O13 | O-14 
8 8.W.G. 0-049 | 0-026 | 0-192 | 0-043 | N.D. | N.D. | 0-145 | 0-033 Oxygen approx. 0-020 oon --. | O12 | 0-13, 
C 128.W.G. 0-099 | 0-053 | 0-011 | 0-002 | 0-008 | 0-004 | 0-115 | 0-026 | 0-001 | 0-000,) 0-003. ; 0-002 | 0-014 | 0-006 | 0-09 | 0-09 
D i28.W.G. 0-122 | 0-065 | 0-023 | 0-005| ... w- | 0158 | 0-035 | 0-011 | 0-004 | 0-002 | 0-001 | 0-015 0-006 | 0-12 | 0-12 
E 128.W.G. 0-077 | 0-041 | 0-179 | 0-040/ ... ++ | 0-177 | 0-040 | 0-011 | 0-003 | 0-019 | 0-011 | 0-007 | 0-003 | 0-14 | 0-13 
F 6 S.W.G. 0-060,) 0-032 | 0-004 | 0-001 eee 0-091 | 0-020 | 0-005 | 0-002 | 0-002 0-001 | 0-018 | 0-007 0-06 | 0-06 
} 


N.D, = Not determined. 
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Table 11—True Silicon Content of Weld Deposits 


emical Analysis, | SiO, Determined 
Electrode Used. %. (Table 1X.) | Iodine Method. 92,| Content of Weld. 
(a). (Table X.) (0). (@ — ). 
A 6S8.W.G. . 0-057 0-046 0-011 
B { 12 S.W.G. . - 0-040 0-020 0-020 
85.W.G. . > 0-020 0-023 
Cc 12 8.W.G. . 0-060 0-046 0-014 
D 128.W.G. . 0-060 0-057 0-003 
E 128.W.G. . 0-043 0-036 0-007 
F 6 S.W.G. 0-110 0-028 0-082 
Table 12—True Manganese in Weld Deposits 
Manganese by | Mn Equivalent of : 
; Chemical MnO of True Manganese 
Electrode Used. Analysis. %. by Iodine Og in Weld. %. 
(Table 1X. Method. %. (Ta ) a— (b+). 
(a). (Table X.) (b). (©). 
A 6 S.W.G. 0-47 0-095 0-045 0-33 
B { 12 S.W.G. 0-40 0-126 0-052 0-22 
8 S.W.G. 0-24 0-113 0-050 0-08 
Cc 12 S.W.G. 0:47 0-089 0-057 0-32 
D 1258.W.G. 0-23 0-123 0-074 0-03 
E 128.W.G. 0-24 0-137 0-022 0-08 
F 6 S.W.G. 0-50 0-070 0-050 0-38 


usually ensures the decomposition of 
other inclusions such as sulphides, etc. 
The results are given in Table 10. 

With ordinary steel samples, the minor 
constituents of the residue, viz.: chro- 
mium, phosphorus and titanium, are dis- 
regarded when calculating the total 
oxygen. In the present case, where the 
samples have a high total oxygen content 
and a low-carbon content, it is possible 
that the minor constituents are present to 
some extent as oxides. The amounts of 
these elements have, therefore, been cal- 
culated to oxides and the oxygen equiva- 
lents included in the total oxygen as given 
by the alcoholic iodine method. The 
values obtained are in very good agree- 
ment with those given by the vacuum- 
fusion method (Tables 5 and 9) which 
are included in Table 10 for ease of 
comparison. 

A critical examination of the results in 
Tables 9 and 10 reveals several points of 
interest. 


Minor Constituents of the Residue: Cr2Oy, 
POs, TiO, (and Al,0;) 


The chromium and phosphorus found 
bear no relation to the amounts of these 
elements determined by ordinary chemical 
analysis of the weld metal, but this 
feature has been noted, to some extent, in 
the examination of ordinary steels by the 
alcoholic iodine method.* 

All the coatings are stated to contain 
alumina (in the form of silicates). Since 
very little, if any, is found in the oxide 
inclusions, it is evidently slagged off. 
Only a very small proportion of the 
titanium present in the coatings of elec- 
trodes C, D, E and F enters the deposits 
made with them, and the titania in the 
coatings must, therefore, be retained in 
the slag. 


Major Constituents of the Residue: SiOz, 
FeO and MnO 


The amount of SiO, found in the residues 
varies from 0.44% in the case of electrode 
B, to 0.122% in electrode D, and as it con- 
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tains a high proportion of oxygen it can, 
in each case, be considered a major con- 
stituent. Its relation with the silicon 
content of the core wire is discussed below. 

The content of FeO shows greater 
variation, being low in the residues from 
welds A, C, D and F and high in those 
from B and E. The amount of FeO 
evidently depends on a number of factors 
and it is obvious that further work is 
necessary in order to determine the in- 
fluence of the coating composition on the 
iron oxide content of the weld. 

All the residues contain a high propor- 
tion of manganese oxide (0.091-0.177%), 
and there is not as much variation in the 
percentage as in the case of oxide of iron. 

An important development of this work 
is that the true elemental silicon and 
manganese content of the weld can be 
determined. 

The values obtained by ordinary chemi- 
cal analysis show that, normally, the 
weld is considerably richer in silicon than 
is the core wire used for deposition, but 
the silica values obtained by the alcoholic 
iodine method, when compared with the 
silicon as determined by chemical analysis, 
indicate that this richness in silicon is 
illusory, and that, in fact, the deposits 
examined contain only a very small per- 
centage of elemental silicon. An ex- 
ception is weld metal laid down with 
electrode F. The true silicon contents of 


the various deposits are shown in Tabie |]. 

Similarly, the true manganese contents 
of the deposits are very much lower than 
is suggested by ordinary chemical analysis. 
In this case, however, it is also necessary 
to take into consideration the amount of 
manganese present as manganese sulphide, 
and it has been assumed that all the sy|- 
phur is in the form of MnS (evidence for 
this assumption is given later). The true 
manganese contents of the welds are given 
in Table 12. 

Attention may be drawn at this stage to 
the results obtained with electrode 8, 
which, up to the present, is the only one 
which has been examined in two core- 
wire sizes. Table 10 shows that the total 
.and form of distribution of the oxygen is, 
the same for both sizes, which suggests 
that these values are a function of the 
coating composition (a constant for both 
sizes). The total manganese (Table 9) 
and the elemental manganese (Table 11) 
are, however, both different in the two 
welds, the differences approximately fol- 
lowing those in the percentages of total 
manganese in the two sizes of core wire 
(Table 9). A similar relationship holds for 
the amount of elemental silicon. It would 
appear, therefore, that the amounts of 
elemental manganese and silicon can be 
varied by altering the manganese and 
silicon contents of the core wire while 
keeping the composition and relative 
amount of the coating constant. 


Identification by X-ray Methods of Residues 
Extracted by the Alcoholic Iodine Method 


For this purpose, the alcoholic iodine 
extraction was carried out at a temperature 
of about 30° C. in order to retain as much 
as possible of the inclusions in their 
original crystalline form and avoid break- 
ing up or decomposing them. This tem- 
perature of extraction also tends to retain 
undecomposed sulphides in the residues. 
The residues thus prepared were examined 
by X-ray methods, constituents in the 
residue being identified by comparison of 
the photographs with those of powdered 
pure substances taken under similar condi- 
tions. The results of the X-ray examina- 
tions are summarized in Table 13. For 
comparison, the principal oxide constitu- 
ents of each weld as given by the alco- 
holic iodine method operated at 65° C. 
(Table 10) and calculated as percentages 
of the total residues, are included. When 
expressed in this way, the agreement be- 
tween the results by the alcoholic iodiie 
and the X-ray methods is very striking. 

In the photographs of the residves from 
welds made with electrodes A, C, D and F, 
the lines were rather faint, but two com- 


Table 13—Comparison Between Analvtical and X-ray Examination of Residues 


ue (at 65° C. 
: Com ds Identified by X-ray 
Blectrode Used. Examination of the Residue (at 30° C.). 
FeO. 8iO,. 
A 68.W.G. . 6 50 41 (Mn,Fe)O.SiO, + MnS 
B or S.W.G. . 44 35 10 (Fe,Mn)O + 2(Fe,Mn)O.SiO, 
8S8.W.G. . 44 33 ll (Fe,Mn)O + 2(Fe,Mn)O.Si0, - 
C 128.W.G. . 4 46 40 (Mn,Fe)O.Si0, + MnS 
D 128.W.G. . 7 48 37 (Mn,Fe)O.Si0, + MnS 
E 128.W.G. . 38 38 16 (Fe,Mn)O + 2(Fe,Mn)O.SiO, 
F 6S8.W.G. . 2 50 34 (Mn,Fe)O.SiO, + MnS 
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Fig. 3—Inclusion in Weld (Electrode B). 
Unetched. x 1500 


pounds could be identified. The main 
pattern corresponded to that given by a 
silicate of the rhodonite type (MnO-SiO,) 
though the lines were slightly displaced as 
compared with those given by both syn- 
thetic and natural rhodonite. The shift in 
the spacings of the lines probably indicates 
that some small- proportion of the man- 
ganese has been displaced by iron; hence 
the formula given in Table 13° (Mn, Fe)O-- 
SiO,. The faintness of the pattern for this 
compound is probably due to a large pro- 
portion of the silicate being glassy rather 
than crystalline in character. 

The second constituent identified was 
pure manganese sulphide. The lines cor- 
responding to this compound were very 
faint, probably because of the small 
amount present in the residues. (MnS is 
partially decomposed by the iodine solu- 
tion even at a temperature of 30° C.) 
No indication of the presence of iron sul- 
phide or of a solid solution of manganese 
and iron sulphides was found, the pattern 
corresponding, within the limits of ex- 
perimental accuracy, to pure manganese 
sulphide. 

In the photographs of the residues from 
welds made with electrode B (both core- 
wire sizes) and E, the lines were very 
much stronger and, once again, two com- 
pounds were easily identified. One gave a 
pattern which is intermediate in spacing 
between those for pure FeO and pure 
MnO, and is probably a solid solution of 


Fig. 6—Inclusions in Weld (Electrode C). 
Unetched. 1500 


Fig. 4—Inclusions in Weld — D). 


Unetched. xX 1 


(Micrographs reduced about 10% in reproduction) 


the two oxides, represented in Table 13 by 
the formula: (Fe, Mn)O. The other gave 
a pattern very slightly displaced as com- 
pared with that given by a synthetic 


sample of fayalite: 2FeO-SiO,.. There is 
probably a slight displacement of iron by 
manganese; hence the formula used: 
2(Fe, Mn)O-SiO,. In these residues no 
indication of a sulphide was observed on 
the X-ray photographs, possibly because 
the small amount present was masked by 
the strong patterns given by the other 
constituents. Each residue prepared at 
the low temperature (30° C.) for X-ray 
examination was tested chemically for 
sulphide. Its presence was revealed in 
every case. 

There can be little doubt that the form 
of distribution of the oxygen and the type 
or types of oxide inclusions are a function 
of the electrode coating., Ignoring elec- 
trode A for the moment, reference to 
Tables 1 and 13 shows that, when the 
coating contains a large amount of 
titanium and little iron—electrodes C, D 
and F—the inclusions are of the MnO-SiO, 
type. When the coating contains an 
appreciable amount of iron—electrode B— 
the inclusions consist of a combination of 
the FeO and 2FeO-SiO, types. In elec- 
trode E there appears to be sufficient iron 
(associated with titanium as ilmenite) 
to overcome the effect of titanium and to 
produce inclusions characteristic of an 
iron-base coating. The effect of man- 


Fig. 7—Weld (Electrode B), As-Welded. 
Etched in Solution of Nitric Acid in Alco- 


hol. 500 


ARC-WELD DEPOSITS 


2 


Fig. 5—Inclusions in Weld (Electrode £). 
Unetched. x 1500 


ganese dioxide in this coating is not clear 
but there appears to be little difference in 
its action as compared with ferroman- 
ganese. Electrode A appears to occupy an 
anomalous position, having an iron-oxide 
type coating but giving rise to inclusions 
typical of ‘the titanium-oxide type. A 
possible explanation of the difference be- 
tween the inclusions produced by elec- 
trodes A and B, which according to 
Table 1 have coatings of similar type, 
may be due to the very much higher pro- 
portion of coating on B as compared with 
A (Table 3), or to the reducing action of 
the cellulose present in the coating of 
electrode A. This point requires further 
elucidation. 

The relation between the types of oxide 
inclusions and the mechanical and physi- 
cal properties of mild-steel weld deposits 
has not been investigated. 


Metallographic Examination of Welds 
Microstructure 


Large numbers of uniformly dispersed 
inclusions were present in each deposit. 
The major proportion was too small to 
permit detailed examination even at a 
high magnification (see Figs. 5 and 6), but 
generally they appeared to be translucent. 
The remainder of the inclusions were 
sufficiently large for their structure to be 
resolved and at least three or four types 
were present in each deposit. The 


Fig. 8—Weld (Electrode B), Heated at 950° 
C. Etched in Solution of Nitric Acid in 


Alcohol. Xx 500 
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Fig. 9—Weld (Electrode A), Heated at 950° 
y 26 Days at 
200° C. Etched in a Solution of Nitric 


C. for 15 Min., Followed b 
Acid in Alcohol. 1500 


Fig. 12—Parent Plate, After McQuaid-Ehn 
Test. Etched in a Solution of Nitric Acid in 
Alcohol. X 150 


maximum diameter of any iaclusion ob- 
served did not exceed 0.00035 in. It was 
difficult to determine the relative amounts 
of the different types present in any 
particular deposit, but Figs. 3-6 show 
typical examples. 

The ground-mass of the duplex inclu- 
sions in Figs. 3 and 5 is slightly trans- 
lucent, while Fig. 4 shows a type which is 
opaque and has an irregular outline. 
Figure 6 shows two further examples; of 
the large inclusions, the upper appears to 
have a rough surface and tends to polish in 
relief so that it is difficult to focus the 
whole surface simultaneously, while the 
lower one is homogeneous and trans- 
lucent. No manganese sulphide inclusions 
of the type normally found in steel were 
identified in any of the deposits, but sul- 
phur prints indicated that such inclusions 
were present in an extremely fine form. 

It should be noted that the presence of 
each of the three or four types of large in- 
clusion discussed above was observed in 
every deposit examined in sufficient detail, 
but it was not possible to establish any 
relationship between the results of the 
chemical and X-ray analyses of the alco- 
holic iodine residues and the relative 
amounts of any particular type of inclu- 
sign in a given deposit. 

The vertical sections of each weld had, 
in general, very fine grain size (about 
9 A.S.T.M.), except for a layer about */1 
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Fig. 10—Weld (Electrode F), Heated at 
950° C. for 15 Min., Followed by 26 Days at 
200° C. Etched in a Solution of Nitric 


Acid in Alcohol. x 1500 


Fig. 13—Weld (Electrode B), Heated at 
950° C. for 15 Min., Followed by 26 Days 


at 200° C. Etched in a Solution of Nitric 
Acid in Alcohol. X 1500 


in. deep from the top surface. The grain 
size did not change appreciably after 
normalizing at 950° C. It is probable that 
during each successive run, the heat was 
sufficient to normalize the metal deposited 
previously. 

The constituents, other than the in- 
clusions referred to above, varied with the 
carbon and nitrogen contents and did not 
resemble lamellar pearlite in any of the 
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Fig. 1l—Weld (Electrode B), After Mc- 
Quaid-Ehn Test. Etched in a Solution of 


Nitric Acid in Alcohol. X 150 


deposits. Figures 7 and 8 show the de- 
posit made with electrode B (0.025% 
nitrogen and 0.05% carbon) before and 
after normalizing, respectively; in both 
instances a constituent which somewhat 
resembles spheroidized pearlite is present. 
In the deposit made with electrode A 
(0.01% nitrogen and 0.09% carbon), the 
main constituent resembles sorbitic pearl- 
ite, but some of the spheroidized constitu- 
ent is also present (Fig. 9). The de- 
posit made with electrode F (0.055% 
nitrogen and 0.05% carbon) shows a con- 
stituent which appears in the form of 
angular patches, which etch light brown 
in alcoholic nitric acid, in addition to the 
spheroidized constituent (Fig. 10). In 
all cases the spheroidized constituent was 
blackened by a boiling solution of alkaline 
sodium picrate. The effect of nitrogen on 
the appearance of the pearlite has previ- 
ously been reported by Schuster‘ and 
others. 

McQuaid-Ehn tests were carried out on 
deposits made with electrodes 8 
(12 S.W.G.), D and E. In each case a 
very abnormal structure was found 
(Fig. 11) as compared with a similar test 
on the parent plate material (Fig. 12) 
and the electrode core wires. Similar tests 
have not so far been carried out on welds 
made with the remaining electrodes of the 
series. 


Table 14—Effect of Heat Treatment on Hardness of Weld Metal 


Hardness Number (Mean of 2 Readings) | 


Electrode. (136° Angle Diamond Pyramid), 
30 kg. Load. 
(). (2). (3). (4). (5). (8). 
| Hard 
950° C., ardness 
Deposit aon J min. Air Difference Nitrogen 
as Laid min Air Cooled, Between Content. 
Down. Cooled Followed by {| Cols. 3 and %. 
? 26 Days at 4. 
200° C. 
A 68.W.G 132 125 125 0 0-010 
B 128.W.G 149 149 122 27 0-028 
B 88.W.G 134 131 116 15 0-014 
C *28.W.G 151 141 126 15 0-021 
D_ .28.W.G 152 144 127 17 0-031 
E 1258.W.G 134 134 ill 23 0-039 
F 6S.W.G 176 159 135 24 0-055 
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Effect of Low-Temperature Heat Treat- 
ment on the Hardness and Microstructure 
of the Welds 


It will be recalled that one of the machin- 
ing operations discussed earlier was the 
removal, by cuts in a plane at right angles 
to the length of the deposit, of about 1 in. 
from each end. For the present examina- 
tion, a small specimen about */, in. sq. 


Fig. 14—Sulphur Print of Section Through 
Weld (Electrode D) and Plate. x1 


and about '/, in. thick was taken from the 
wiiddle of the machined face of one or 
other of these end pieces. Similar speci- 
mens were prepared from each deposit 
and hardness measurements on the sec- 
tions were made both before and after 
normalizing, and also after normalizing 
followed by heating for 26 days at 200° C. 
The results, together with the nitrogen con- 
tents, are given in Table 14. 

Normalizing at 950° C. for 15 min. did 
not cause any significant reduction in 
hardness, except in the case of the de- 
posit made with electrode F and possibly 
in the welds made with electrodes C and 
D, respectively. Heat treatment for 26 
days at 200° C. (air cooled) subsequent to 
normalizing, resulted in an appreciable 
reduction in hardness of all the deposits 
except that made with electrode A. 
Microscopical examination revealed the 
precipitation of numerous needles (Fig. 13) 
in all cases except in deposits made with 
electrodes A and F, respectively. 

In this connection it is noteworthy that 
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while the deposit made with electrode F 
has the highest nitrogen of the series and 
might, therefore, be expected to show the 
most intense precipitation of needles, it 
also contains the highest silicon and man- 
ganese (both total and elemental, see 
Tables 11 and 12). Both these elements 
tend, according to Schuster,‘ to inhibit the 
formation of needles, and this may ex- 
plain the apparent anomaly in the effect 
of the low-temperature heat treatment 
on this weld. With regard to the deposit 
made with electrode A, this has a very low 
nitrogen content so that the precipitation 
of needles would be expected to be small, 
apart from the fact that it also contains 
relatively high silicon and manganese. 

In column 5, Table 14, are given the 
differences between the hardness of the 
welds after normalizing, and after the low- 
temperature heat treatment subsequent to 
normalizing, while in column 6 are given 
the nitrogen contents. It appears that 
there is a tendency for the hardness 
differences to increase with increasing 
nitrogen, but it is probable that other 
undetermined factors are involved. 


Condition of the Sulphides in the Parent 
Plate and Weld Metal 


In all the weld samples prepared during 


~ 
® 
Fig. 17—T Inclusions in Oxyace 
lene Weld 


eur in Fig. 16. Unetched. 
1500 


“i 
~ 
4 
é 


Fig. 15—Sulphur Print of a Typical Arc Weld. 1 


Fig. 16—Sulphur Print of a Typical Oxyacetylene Weld. x 1 


ARC-WELD DEPOSITS 


the course of the work, the deposits show 
a paler sulphur print than does the ad- 
jacent plate material, even when the 
sulphur contents of the deposit and plate 
are similar. For example, Fig. 14 shows a 
sulphur print of a section through the de- 
posit (electrode D) and plate in which the 
sulphur contents of weld and plate are, 
respectively, 0.043 and 0.042% 

Attempts have been made to ascertain 
the reasons for this difference in the sul- 
phur prints. There appeared to be a 
possibility that, owing to the high propor- 
tion of oxygen present in the welds, the 
sulphur might be in a partially oxidized 
condition. In order to check this possi- 
bility, the sulphur in one deposit was de- 
termined by the evolution method, which, 
like sulphur printing, depends on the 
formation of hydrogen sulphide when the 
metal is acted upon by acid. The results 
agreed with those obtained by the normal 
gravimetric method for sulphur, thus 
indicating that the sulphur is present en- 
tirely as sulphide iu both deposit and 
parent plate. 

In order to ascertain whether sulphur 
prints of commercial mild-steel welds 
show such differences, an examination was 
made of the prints from several manual 
and automatic process arc welds, and 
several oxyacetylene welds. The parts of 
the sulphur prints corresponding to the 
weli deposits of all the arc-weld samples 
were markedly paler than the parts which 
corresponded to the plates, thus confirming 
the observations made on the samples pre- 
pared specially for the present investiga- 
tion. On the contrary, however, the sul- 
phur prints from the oxyacetylene welds 
showed no such differences between de- 
posit and plate. Figures 15 and 16 show 
typical examples of prints from arc and 
oxyacetylene welds, respectively. 

It seemed possible that the difference 
between the sulphur prints from the two 
types of weld was connected with the 
presence of a flux during arc welding. An 
attempt was accordingly made to prepare 
an oxyacetylene weld using a covered 
electrode (electrode D). The results were 
inconclusive, as it was found that the gas 
pressure necessary to melt the electrode 
tended to blow the flux away so that it did 
not cover the deposit in the normal way. 
The same electrode, stripped of its coating, 
produced an oxyacetylene weld having a 
sulphur print of the typical oxyacetylene 
type. The composition of the electrode 
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Fig. 18—Typical Inclusions in Parent 


Plate. Unetched. x 300 
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Fig. 19—Same Group of Inclusions in 
Plate as Shown in Ha 18. Unetched. 
x 


Fig. 22—-Same Group of Inclusions in Weld 
ectrode B) as Shown in Fig. 21. Un- 
etched. x 60 


wire is, therefore, not a significant factor 
in the present connection. 

A further possibility, namely, rapidity 
of cooling, was then considered. For this, 
a piece of the parent plate was taken toa 
temperature of about 1700° C. and cast 
into a V-shaped channel made in a further 
piece of the same plate. The amount of 
metal cast was very small compared with 
the mass of the mold and solidification was 
almost instantaneous. Once again, how- 
ever, the order of density of the part of the 
sulphur print corresponding to the melted 
metal was the same as that corresponding 
to the ordinary plate. 

Microscopical examination showed that 
the sulphide spots in the prints of arc- 
weld deposits were extremely fine and 
numerous, whereas those in the prints 
from oxyacetylene welds and the chilled 
plate were relatively much larger and less 
numerous. A similar examination of the 
actual deposits themselves showed signi- 
ficant differences in the type of inclusions 


Fig. 20—Photomicrograph of Sulphur 
Print of Same Field as Shown in Fig. 19. 


Fig. 23—Photomicrograph of Sulphur Print 
of Same Field as Shown in Fig. 22. x 60 


present. The arc-weld deposits contained 
a greater proportion of very fine inclu- 
sions than did the oxyacetylene welds, and 
these inclusions were generally similar to 
those in the deposits made for the present 
investigation. No particles of manganese 
sulphide could be detected even at high 
magnification. On the other hand, the 
oxyacetylene deposits and the chilled plate 
metal showed numerous inclusions of man- 
ganese sulphide, but none of the larger in- 
clusions resembled those found in the arc- 
weld deposits. Compare Fig. 17, which 
shows typical inclusions in an oxyacetylene 
weld, with Figs. 3-6, which show those of 
arc welds. In general, the larger inclusions 
in the oxyacetylene weld deposits and in 
the chilled plate metal were similar to 
those present in cast steel except that they 
were somewhat smaller. It was not 
possible to determine whether any of the 
very fine particles present in both types of 
weld were similar. 

An attempt has been made to correlate 


Table 15—Analyses of Electrodes and Welds Made by the Automatic Processes 


Fig. 21—Inclusions in Weld (Electrode B). 
Unetched. x 300 


the inclusions observed in polished speci- 
mens of the parent plate and deposits with 
the sulphide spots in photomicrographs of 
the sulphur prints, particularly in order to 
ascertain which inclusions in the deposits 
give rise to sulphide spots. The experi 
ments have been carried out on two of the 
welds in the present series. Similar re- 
sults were obtained in each case and it is 
proposed to describe and illustrate only 
one of the experiments. 

Figure 18 shows a group of inclusions in 
the parent plate at a magnification of 300 
diam. The inclusions are typical of those 
normally encountered in mild steel and are 
considered to consist of a solid solution of 
manganese and iron sulphides. The same 
group of inclusions is shown in Fig. 19 at 
a magnification of 60 diam.; two crossed 
scratches made on the specimen after 
polishing indicate the position of the in- 
clusions. Figure 20 is a photomicrograph 
of a sulphur print of the same area and at 
the same magnification as Fig. 19. It will 
be seen that the group of inclusions shown 
in Figs. 18 and 19 has given rise to one 
large sulphur spot indicated by the arrow 
in Fig. 20. Previous experiments indi- 
cated that had the conditions of taking the 
sulphur print been modified, the indi- 
vidual spots in the group of inclusions 
would have shown up on the sulphur print. 
The conditions of taking the print were, 
however, adjusted to suit the deposit 
rather than the parent plate. 

Similarly, Fig. 21 shows a group of three 
inclusions in the deposit marked, respec- 
tively (1), (2) and (3), at a magnification 
of 300 diam. Inclusions (1) and (2) are 
duplex and apparently opaque and (3) is 
homogeneous and translucent. Tae same 
group is shown in Fig. 22 at a magnification 
of 60 diam., and a photomicrograph of the 
sulphur print of the same field and at the 
same magnification in Fig. 23. It is ap- 


coun, | Material. | | | Sulphur 


Phos- Manga- Chrom- Molyb- 


phorus. nese. Nickel. ium. denum. 


Titanium. Oxygen. Hydro- 


Nitrogen. %. 


gen. 
00 
MI./100 g. Vacuum Chemi- 


eal. 
0-08 0-015 0-033 1-92 N.D. N.D. N.D Nil 0-007 Trace 0-006 0-005 
Weld 0-09 0-34 0-037 0-063 1-05 ND. N.D. N.D, Trace 0-084 Trace 0-010 6-008 
(2) tectrode 0-16 0-02 0-028 0-025 0-53 0-22 0-10 Nil Nil N.D. N.D. N.D. N.D. 
Weld 0-12 0-34 0-042 0-028 0-80 0-19 0-15 0-19 0-012 0-038 1-2 0-015 0-013 
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Table 16—Analyses of Iodine Residues from Welds by the Automatic Processes 


Oxide in the Residue and Equivalent Oxygen Value Expressed as a Percentage of the Weld Metal. 


Total Oxygen. 


Table 17—Comparison Between Analytical and X-ray Exami- 
nation of the Residues 


Principal Oxide Constituents of the Compounds Identified 
ination Residue (at 65° C.). by X-ray Examination 
° of the Residue (at 
30° ©.). 
FeO. %. | MnO. %. SiO,. %. 
(1) 2 44 51 MnO.SiO, + MnS 
(P,O; 2%) 
(2) 3 41 35 MnO.Si0, + MnS 
Table 18—True Silicon in Weld Deposits 
Si Equivalent of SiO 
P Determined by True Silicon in Weld. 
ble XV. (a Iodine Method. %. (a— b). 
@. (Table XVI.) (0). 
(1) 0-34 0-054 0-286 
(2) 0-34 0-02 0-32 


parent that both inclusions (1) and (2) 
have given rise to sulphide spots of nearly 
the same size although the actual sizes of 
the inclusions themselves (Fig. 21) differ 
considerably. On the other hand, in- 
clusion (3) has not given rise to a spot 
at all. It seems probable, therefore, that 
of the three inclusions, (2) contains the 
greatest amount of sulphide, (1) an inter- 
mediate amount and (3) the least; ap- 
parently it is free from sulphide. 

Thus the chief reason why the sulphur 
prints of the arc-weld deposits show such 
fine sulphide spots is that the sulphide in 
these deposits is present either in associa- 
tion with other inclusions or else as very 
small particles—too small to be identified 
under the microscope, and which may 
or may not also be associated with the 
other inclusions. From such a material 
it would be expected that the macroscopic 
appearance of the numerous small and 
faint spots would be much paler than that 
due to fewer but larger and denser spots. 
The cause of this type of sulphide in- 
clusion, which is apparently character- 
istic of all arc welds made with covered 
electrodes or with a powdered flux, is not 
understood. 


Examination of Welds Made by Two 
Automatic Processes 


An examination of mild-steel deposits 
laid down by two automatic processes 
was conducted along lines similar to, but 
less exhaustive than, those of the main in- 
vestigation. The equipment necessary 
for making the welds was not available at 
the National Physical Laboratory and 
arrangements were accordingly made 
through the Advisory Service on Welding 
for the welds to be prepared elsewhere. 

In both cases the deposits were of the 
deep channel type using mild-steel plate. 
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In process (1) a bare electrode and an an- 
hydrous powder flux consisting essentially 
of calcium silicate are employed, while in 
process (2) a covered electrode having a 
coating of the fluoride type with ferro- 
alloy admixture is used. 


Chemical and Vacuum-Fusion Analyses 


In Table 15 are given the chemical and 
vacuum-fusion analyses of the electrode 
wires and weld deposits. 

The moisture content of the anhydrous 
flux used in process (1) was very low 
(0.1° by weight), and although the hydro- 
gen in the weld could not be determined 
until 4 days after deposition it may be 
assumed that the metal was essentially 
free from hydrogen even immediately 
after deposition. If this were not so, it 
would be difficult to explain why, con- 
trary to experience both with weld metal 
and cast steel, the gas should have been 
completely lost in so short a time. 

The coating of the electrode used in 
process (2) contained about 1'/.% by 
weight of total water and contained no 
other source of hydrogen. It was not 
possible to examine the weld until about 3 
weeks after deposition. An unknown 
amount may, therefore, have been lost. 


Distribution of Oxygen in the Inclusions 


The distribution of the oxygen was de- 
termined by the alcoholic iodine method 


Si0,. | Feo. Al,0,. MnO. | Cr,0,. | P,0,. | Ti0,. ‘odine 
Oxide. | Oxygen.| Oxide. | Oxygen.| Oxide. | Oxygen. Oxide. | Oxygen.| Oxide. | Oxygen. | Oxide. | Oxygen. Oxide. | Oxygen. 1 |  %- ol 
(1) | 0-115 | 0-061 | 0-005 | 0-001 |... . | 0-098 | 0-022 | 0-001 0-000,| 0-005 | 0-003 | 0-087 | 0-086 | 
(2) | 0-042 | 0-022 | 0-004 | 0-001 | 0-005 | 0-002,| 0-048 | 0-011 | ... | ... | 0-002) 0-001 0-017 | 0-007 | 0-044 | 0-038 


operated at 65° C. and the results are 
given in Table 16. 

There is very good agreement between 
the total oxygen as determined by the 
alcoholic iodine and vacuum-fusion 
methods. The major constituents of the 
residues (Table 17) are in both processes 
manganous oxide and silicon. 

X-ray examination of residues obtained 
by operating the alcoholic iodine method 
at 30° C. showed the presence of a silicate 
of the rhodonite type (MnO-SiO.) and 
also manganese sulphide 

The elemental silicon and manganese 
(assuming all the sulphur in the welds is 
present as manganese sulphide) were calcu- 
lated as before and are given in Tables 
18 and 19. 

It is thus evident that weld metal laid 
down by these processes contains very 
much higher percentages of both silicon 
and manganese as metals than do the 
mild-steel welds examined in the main 
part of the investigation 

It will be noted from Table 15 that the 
electrode used in process (1) contains a 
high percentage of manganese (1.92) and 
this could account for the high manganese 
in the weld. In process (2) the true man- 
ganese in the weld exceeds that contained 
in the electrode and therefore some 
manganese is derived from the coating. 
The high silicon in each case is mainly 
derived from the flux or coating 

Sulphur prints of the two welds ex- 
hibited the pale color characteristic of 
mild-steel arc-weld metal discussed earlier. 


Summary 


1. Throughout the summary it is im- 
plied that the results refer to the standard 
conditions employed in the investigation 
Six different mild-steel electrodes having 
coatings of both the iron oxide-silica 
and the titanium oxide types, with a wide 
range of potential hydrogen contents, 
have been examined 

2. The moisture contents of the various 
coatings have been determined at two 
temperatures: 600 and 1200° C. This 
moisture includes that produced by the 
combustion of the organic constituents 
(where present) of the coatings, and it has 
been found that at least 80°) of the water 
is evolved at 600° C 

3. The total hydrogen contents of the 


Table 19—True Manganese in Weld Deposits 


Manganese by 


Mn Equivalent of 
Chemical Analysis. | MnO Determined by Sulphur. (Table in Weld. %. 


Mn Equivalent of True Manganesc 


Process. %. (Table XV.) | Iodine Method. °%. . 
(Table XVI.) @). | *%) % 

(1) 1-05 0-076 0-063 0-91 

(2) 0-80 0-04 0-07 0-69 


ARC-WELD DEPOSITS 
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weld deposits have been determined and, 
for a given electrode, have been found to 
be approximately constant and propor- 
tional to the total hydrogen available dur- 
ing deposition. In any deposit the total 
hydrogen can be divided into two portions, 
one of which escapes slowly at room 
temperature while the other is apparently 
held permanently in the metal. 

4. While the total hydrogen in welds 
made with a given electrode is constant, 
the proportion evolved in the cold varies 
considerably; more may be evolved from a 
weld made with an electrode having a 
coating with a low total potential hydro- 
gen than from one with a relatively high 
potential hydrogen. This variability could 
not be controlled under the conditions of 
the experiments and no satisfactory ex- 
planation has been forthcoming to ac- 
count for it. 

5. The total oxygen in welds made 
with a given electrode is constant, but 
varies from one make of electrode to 
another. The actual amount appears to 
depend on the composition (and possibly 
the amount) of the coating rather than on 
that of the core wire. The results by the 
vacuum-fusion and alcoholic iodine 
methods are in very good agreement. 

6. The composition of the electrode 
coating has an important influence on the 
composition of the deposits and on the 
type of the oxide inclusions. 


(a) Oxides of chromium and phos- 
phorus are usually present only in small 
amounts and can be regarded as acci- 
dental impurities. 

(6) Small amounts of alumina are 
found in some of the deposits, but in 
the present instance its influence can be 
ignored. 

(c) Some of the coatings contain a 
high proportion of titania, but only a 
very small amount is retained in the 
deposits. 

(d) The percentage of silica in the 
deposits varies from 0.044 to 0.122 and 
according to the X-ray evidence it is 
present as a silicate of manganese 
(rhodonite) or iron (fayalite). 

Its presence is of importance because 
by ordinary chemical analysis it is 
usually calculated to silicon and the 
properties of the weld metal will de- 
pend, to some extent, on the percentage 
of silicon present. It will be noted that 
when a correction is made, the deposits 
examined, with one exception, contain 
only a very small percentage of ele- 
mental silicon. 

In one case the percentage of silicon 


in the weld is greater than that in the 
core wire, the extra amount being re- 
duced from the silicate in the coating. 

(e) The percentage of oxide of iron 
in the inclusions varies from 0.004 to 
0.20 and the amount presumably de- 
pends on a number of factors con- 
nected with the composition of the coat- 
ing and possibly the protective action 
of the slag formed during welding. 

(f) The amount of oxide of man- 
ganese in the weld is fairly consistent 
varying from 0.091 to 0.177%. As in 
the case of silicon, a correction is neces- 
sary to the value for total manganese 
(by ordinary chemical analysis) in order 
to obtain the true percentage of ele- 
mental manganese. In addition to the 
correction for manganese oxide allow- 
ance must also be made for the per- 
centage of manganese sulphide con- 
tained in the weld metal. 

(g) The amounts of elemental 
silicon and manganese in the weld are 
dependent on the percentages of those 
elements in the core wire, as well as on 
the composition of the coating. 


7. In the welds laid down by auto- 
matic processes the major constituents of 
the residue are silica and manganous oxide 
together with a small amount of ferrous 
oxide. 

The percentages of elemental silicon and 
manganese in these two welds are much 
higher than in the welds made with hand- 
operated electrodes. In one case the 
manganese can be accounted for mainly 
by the higher percentage contained in the 
electrode, but the silicon in each case must 
be derived from the flux or coating. 

8. The principal oxide constituents of 
each weld (including those by the auto- 
matic processes) were identified by means 
of X-ray examination, and the agreement 
between the results and those by chemical 
determination was good. By this means 
the welds can be divided into two classes, 
viz., (1) those containing a silicate of the 
rhodonite type MnO-SiO:, and (2) those 
containing an oxide of the type (Fe, Mn)O 
+ a silicate of the fayalite type 2FeO-SiO,. 

In addition, in the former type, man- 
ganese sulphide was detected, but there 
was no evidence of a solid solution of man- 
ganese and iron sulphides. 

9. All the deposits showed numerous 
inclusions, which were mostly too small for 
detailed examination, but at least three or 
four types present in each deposit were 
large enough for identification. It was 
not possible, however, to correlate the 
results of chemical and X-ray analysis of 
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the alcoholic iodine residues with these 
different types of inclusions present. 

10. The appearance of the constituents 
in the deposits varied with the carbon and 
nitrogen contents. Except for a shallow 
surface layer the ferrite grains of al! the 
deposits were very fine. 

McQuad-Ehn tests carried out on three 
of the deposits showed very abnormal 
structures. Similar tests carried out on 
the parent plate material and on the elec- 
trodes showed normal structures. 

11. Low-temperature heat-treatment 
after normalizing resulted in an appreciable 
reduction in hardness of all deposits ex- 
cept that containing the highest carbon 
and lowest nitrogen percentage. Micro- 
scopical examination after the low-tem- 
perature heat treatment revealed the pre- 
cipitation of numerous needles, except in 
the deposits containing the lowest and 
highest percentages of nitrogen, re- 
spectively. 

12. All the deposits showed paler sul- 
phur prints than the parent plate material, 
even when the sulphur contents of the de- 
posits and plate were similar. This effect 
was observed in other arc welds but not in 
oxyacetylene welds, and is probably due 
to the much finer state of division of the 
sulphide particles in the arc-weld deposits 
as compared with those present in the 
plate and oxyacetylene weld deposits. 
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This paper describes the fundamental metal characteris- 
tics revealed by means of extensive notched tensile tests. 
The effects of the three major factors, triaxiality, plastic 
strain, and stress concentration, can be separated by means 
of systematic tests covering the dependence of notch 
strength characteristics upon numerous variables, such as 
notch radius, notch depth, and hardness (of heat-treated 
steels). The characteristic strength values supplied by 
notched-bar tensile tests appear to be of considerably 
greater practical significance than those obtainable by 
means of regular tensile tests. The investigations on 
notched tensile-test bars also furnish an example of a 
practical approach to a complex fundamental problem 
which can be solved only by means of correlated and care- 
fully controlled experimentation covering the effects of all 
pertinent variables. 


HE occurrence of brittle fractures in normally ductile 
metals represents a problem of great practical importance. 
It is recognized, at present, that such failures may occur in 
any structural steel, not only under repeated loads, but also under 
either static or impact loads which are applied once or a few times. 

Numerous factors are known to favor the frequency of brittle 
fractures, such as a low temperature (1)* and a large section 
thickness (2). However, the only feature which appears to be 
common to all brittle service failures that have been observed, 
excluding fatigue failures, seems to be the presence of a “‘triaxial 
tension-stress state.’”” This means that at the locus of failure, 
tension in all three directions will invariably be found if a brittle 
fracture occurred. In addition, most such failures have occurred 
at a point of stress congentration, introduced by sharp corners, 
holes, welded beads, etc. 

Regarding the action of triaxiality, or any other factor favoring 
embrittlement, the conception has been advanced by Ludwik 
(3) that a brittle failure occurs if the factor increases the resistance 
of the metal to plastic flow, or its yield strength, faster than its 
resistance to fracture, or its ‘cohesive strength.’’ While the ef- 
fect of combined stresses, or triaxiality, on the plastic flow is 
well established, only a limited amount of information of a rather 
speculative nature is available regarding the effect of triaxiality 
on the cohesive etrength (17, 18). 

Experimentally, brittle failures in normally ductile steels could 
be produced, up to a short time ago, only in notched-beam impact 
tests, which combine the actions of triaxiality, stress concentra- 
tion, and impact. 

However, a number of investigators have shown that impact 
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and notching, while being factors favoring embrittlement, are not 
necessary conditions for a brittle fracture. Such failures also 
occur in static (unnotched) beam tests at very low temperatures 
(1, 4). Either one of two factors, the impact or the notch, may 
cause an otherwise ductile steel to embrittle in much the same 
manner as a decrease in the testing temperature, Fig. 1. This 
basic relation is rather difficult to explain, as it compares the ef- 
fects on the metal properties of external variations in stress state 
and of internal physicochemical changes caused by temperature 
(11). 

Furthermore, it has been shown recently that a static notched- 
bar tensile test evaluates the metal properties in much the same 
manner as a notched-beam impact test, see Fig. 20, (5, 12). 

Up to the present time no satisfactory test has been developed 
which subjects a metal to failure under controlled triaxial tension 
without stress concentration. If such a condition has been 
achieved, such as by quenching, the state of stress is not readily 
measurable or controllable. On the contrary, a uniform biaxial 
tension has been produced, but this condition apparently does 
not embrittle metals to a pronounced extent (13). 

However, extensive investigations of the notched-bar tensile 
test (4-10) have shown that the effects of the two major factors 
involved, those of triaxiality and stress concentration, can be 
separated. Under certain conditions, a sufficiently wide range of 
testing conditions exists in which one of these two effects is prac- 
tically constant, and the nature of the other factor can be re- 
vealed. 


ANALYSIS OF TRIAXIALITY 


It has been found that the triaxiality depends primarily upon 
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the notch depth, i.e., the percentage of cross-sectional area re- 
moved by notching. Other conditions, such as notch shape and 
plastic strain, were found to have a considerable effect upon the 
stress-concentration factor, but apparently have only a negligible 
effect upon the triaxiality in certain ranges. 

The magnitude of triaxiality present in the notched section has 
been measured by two methods which yielded rather close agree- 
ment. The quantity which will be used as a measure of the de- 
gree of triaxiality is the ratio between the average radial stress 
(i.e., one of the two transverse stresses) and the average longi- 
tudinal stress in the notched section of a cylindrical test bar 
subjected to longitudinal tension. 

The distribution of these two stresses may be either very non- 
uniform or rather uniform, Fig. 2, depending upon various fac- 
tors, as discussed later. The radial stress can never become con- 
stant over the cross section, as it is always zero at the surface, 
according to the laws of force equilibrium. The other transverse 
stress, i.e., the circumferential stress, is generally more uniformly 
distributed than the radial stress. This condition of nonuni- 
formity does not invalidate the conclusions regarding triaxiality, 
however. It appears that the actual conditions of stress distribu- 
tion may be approximated by the conception that the region of 
triaxiality (the investigation of which is the objective of this 
paper) is surrounded by a very thin surface layer of metal, in 
which the stress state increases from biaxial tension at the surface 
to a representative triaxiality at a small distance below the sur- 
face. The relations revealed by the tests do not indicate any dis- 
turbing effect of this zone of transition, and its existence will 
therefore be disregarded in the subsequent discussion. 

An average stress value, such as notch strength or fracture 
stress, has no lucid physical meaning if the stress distribution is 
nonuniform. However, the degree of nonuniformity of any dis- 
tribution of stress, such as the distribution of longitudinal stress 
on the notched section, will change progressively with such vari- 
ables as notch radius or amount of plastic strain and will ap- 
proach a condition of uniform stress as a limit. In this case, an 
extrapolation to such a limiting condition of uniform stress will 
have a certain degree of accuracy, and also will have a definite 
physical meaning even though such a condition of uniformity can- 
not be quite realized experimentally. Likewise under these 
circumstances, any quantity (such as triaxiality) will have a physi- 
cal meaning even though it has been calculated from average 
stress values, if it is considered that the value so obtained is 
an approximation to the physically significant value and be- 
comes more accurate as the stresses approach uniformity of dis- 
tribution. 

In such a limiting case of uniform distribution of radial and 
circumferential stresses, these two stresses are equal at every 
point, since the two corresponding directions are identical at the 
center of the test bar. Using the foregoing conceptions, the 
stress conditions in a notched bar may be described by two values, 
i.e., the longitudinal stress S,;, and the transverse stress S,, 
which is equal to either the radial or circumferential stress in the 
limiting case of uniform stress distribution. 

The first method of determining the magnitude of the average 
transverse stress is restricted to elastic loading. The ratio of the 
unknown transverse stress S; to the measured (average) longi- 
tudinal stress S,, i.e., the triaxiality (S;/S,), can be calculated 
from measurements of the elastic transverse strain e7 of the 
notched section (7, 14) according to the following relation 


1 
= 7, Sr — mS, — mSz) = [1] 


5 See also Appendix. 
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SHALLOW NOTCH 


OLEP NOTCH 


A Distribution of elastic longitudinal stresses when yielding is about to 
begin at notch bottom 


B_ Corresponding distribution of transverse stress 


C Distribution of longitudinal] stress after complete yielding of cross section 
has occurr 


Fig. 2 DiaGrRaMMATIC REPRESENTATION OF DISTRIBUTION oF 
Exuastic AND Piastic Srresses 1n Notcuep Bars or Various 
Norcu Deprus 


where £ is the modulus of elasticity = 30,000,000 psi, and m is 
Poisson’s ratio = 0.28. Modulus £, is introduced as the trans- 
verse modulus, being defined by the ratio of the two experimen- 
tally measured quantities 


Combination of the Equations [1] and [2] yields the “‘triaxiality” 
(S7/S,) during the loading of a notched-bar tensile-test specimen 
within the limits of elasticity 


Experimentation on a number of heat-treated steel specimens 
provided with a 50 per cent, 60-deg vee-notch, varying in the 
radius at the notch bottom, Fig. 3, has revealed that the trans- 
verse modulus remains practically constant for ratios of notch 
radius r to notch diameter* (d = 0.35 in.) from zero to approxi- 
mately 0.2 (7). The ratio of notch radius to notch diameter 
(r/d) will be designated hereafter by the term “notch sharp- 
ness.” Thus a wide range of conditions exists where the magni- 
tude of the average triaxiality is approximately constant. For 
the 50 per cent, 60-deg vee-notched specimens, the average 
transverse modulus was found to be Ey = —5.25 XK 107? sq in./ 
lb. The triaxiality then becomes, according to relation [3] 

3, 1-028 (0.28 — 0.057) = 0.31 

The second method of determining the average triaxiality de- 
pends upon the difference between the maximum load of a 
notched specimen, or notch strength, and that of an unnotched 
specimen, or tensile strength (5, 17, 18). For a metal that is 
sufficiently ductile, a notched test bar exhibits a load maximum 
in the same manner as an unnotched bar, Fig. 4. This maximum 
occurs at a longitudinal strain of 5 to 10 per cent, which is ap- 
proximately the same as that for an unnotched bar. Thus 
both the tensile strength S, and the notch strength S, are (con- 


4 Diameter at the root of the notch. 
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ventional) stress values that refer to metal in the same condition 
of strain-hardening.® 

According to the so-called “plasticity condition,” the corre- 
sponding transverse stress S; is determined by the following rela- 
tion 


which is a direct expression of the “maximum shear condition” 
of plastic flow, or to which the “energy-of-distortion condition”’ 
reduces for conditions where the two principal stresses normal to 
the longitudinal stress are equal, as assumed in a notched bar. 
Then the triaxiality, at the point of maximum load, becomes 
simply 


where R = S,/Sp is introduced as the ‘“notch-strength ratio.”’ 
The experimentation on notch-ductile (low-strength level), 
heat-treated steel specimens, provided with a 50 per cent, 60- 


* The true stress is larger than the strength by a factor depending 
upon the value of permanent strain considered. However, this 
factor is eliminated on forming the ratio So/ Sz. 


deg vee-notch, varying in the radius at the notch bottom, Fig. 5, 
showed that this notch-strength ratio remained practically con- 
stant for ratios of notch radius to notch diameter (notch sharp- 
ness, or r/d) between zero and 0.2. This shows that the conclu- 
sion drawn from the elastic measurements, namely, that the tri- 
axiality is independent of the notch radius (for small radii), also 
remains valid for a condition where the metal has been sub- 
jected to a plastic strain of 5 to 10 per cent, i.e., the strain at 
maximum load, or the strain at which the notch strength is 
measured. 

From the value of the notch-strength ratio, R = 1.50 = 0.05, 
the triaxiality for the foregoing conditions of notching can be 
derived, according to Equation (5), yielding the value 


This value is in good agreement with that obtained from the elas- 
tic measurements, Fig. 3. 

This result leads to the general conclusion of considerable sig- 
nificance that the magnitude of triaxiality is independent of 
notch sharpness (r/d) for values between zero and 0.2 and is 
little changed by permanent strains, up to at least 5 or 10 per 
cent. Thus it can be considered as definitely established, that 
within a considerable range of the two variables, notch radius 
and plastic strain, the magnitude of triaxiality only differs to an 
insignificant extent, other conditions being identical. 
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ANALYsIS OF Stress CONCENTRATION 


The stress concentration present in an elastically strained 
notched bar is known approximately, both from the theory of 
elasticity (15) and from photoelastic measurements (16). If the 
stress-concentration factor n is defined as the ratio of the maxi- 
mum longitudinal stress S;y, to the average longitudinal stress 
Sz. acting on the notched section, then this quantity may be 
applied to either the elastic or plastic condition of the metal. 
Other things being equal, the stress-concentration factor increases 
rapidly (for elastic conditions) with decreasing ratio of notch 
radius r to notched diameter d, as illustrated in Fig. 6, for a slot 
notch having a semicircular bottom. 
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The stress concentration present in a plastically strained metal 
can be derived from the average values of stress at whiclr the 
metal fractures, i.e., the “fracture stress.” With no stress 
concentration, i.¢., a ration = 1, the metal will fail at an average 
stress Sp,4, which is equai to its true fracture stress or cohesive 
strength Sy, Fig. 6. For stress-concentration factors greater 
than unity, the average fracture stress will be less than the true 
fracture stress by an amount which depends on the stress- 
concentration factor, according to the following rélation 


The true fracture stress is not known, but it can be determined 
as follows: The experimentation on 50 per cent notched bars 
yielded values of fracture stress* for a large range of conditions, 
varying in strength level (determined by the tempering tempera- 
ture) and notch radius, Fig. 7. The fracture-stress values that 
are represented, however, must be considered not only as a func- 
tion of these independent (testing) variables, but also of the fun- 
damental variables, triaxiality and plastic strain preceding the 
failure. The values of these fundamental variables can be de- 
termined from experimentally measured quantities: The notch 
ductility* is a measure of the plastic strain preceding failure, Fig. 
8; and the triaxiality has been found to be constant for notch 
sharpnesses not greater than 0.2, as discussed previously . 

Considering only those notch radii which yield constant tri- 
axiality, the fracture stress can now be plotted as a function of 
the notch ductility, or plastic strain, Fig. 9. This representation 
shows that as the plastic strain becomes smaller, the fracture 
stress first decreases gradually, until the ductility falls below a 


®In order to obtain reliable values of fracture stress for brittle 
materials, eccentricity must be positively avoided. 
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certain value, close to 2 per cent. With further decreasing duc- 
tility, the fracture stress then decreases rapidly to values as little 
as 50 per cent of those prevailing at higher ductilities. ’ 

Each curve in Fig. 9, therefore, represents the effects of two fac- 
tors, (a) stress concentration, and (») plastic strain, on the frac- 


JANUARY 


400° 


& 
38 


FRACTURG STRESS —— 100° Pst 


Fic. 9 


, Fractt 


Spr 


ture st 
materi 
possib! 
be pos 
The 
mousl: 
viousl 
and tk 
a con 
tribut 
meast 
Cor 
stress 
be ne 
notch 
centr: 
failur 
sider: 
stres: 
reves 
incre 
stral 
ceed! 


we 
er 
|| 
4 
——] — 
asa + 
‘ 
8 
F 
> | | 
8 
“No enti 
con 
pol: 
stre 
whe 
cor 
Sp, 
lev 
tin 
du 
uni 
pa 


= 
© 300 ° 
oO 
ene 
® 200 
£ STRENGTH LEVEL 
240,000 PS! 
100 x 220,000 PS/ 
> £90,000 PS/ 
© £45,000 P3/ 
< 
4 3a 42 20 


NOTCH OuCcTILITY — PER CENT 


Fie. 9 Errect or Notcn Dvuctitity anp LEVEL on 
Fracture Stress oF QUENCHED AND TEMPERED S8.A.E. 3140 
Provipep WitTsH 50 Per Cent 60-Dec V-NotTcHes 


ture stress of a particular steel; and the curves for the various 
materials (strength levels) make an evaluation of these effects 
possible over a considerably wider range of conditions than would 
be possible for a single material. 

The fact that the stress-concentration factor is reduced enor- 
mously by relatively small amounts of plastic strain has been pre- 
viously derived qualitatively from the laws of plastic flow (5), 
and this has been shown also in a more quantitative manner, for 
a condition of plane stress, by comparing the elastic stress dis- 
tribution with the stress distribution obtained from X-ray stress 
measurements after small amounts of plastic strain. 

Considering the large effect of plastic strain in reducing the 
stress-concentration factor, it appears likely that the stress would 
be nearly uniformly distributed in a notched bar having an initial 
notch sharpness of 0.2, with a corresponding elastic-stress-con- 
centration factor of 2, and exhibiting a plastic strain preceding 
failure of over 2 per cent. Thus in Fig. 9 there should be a con- 
siderable range of ductility, say above 2 per cent, where the 
stress-concentration factor is unity. The curves in Fig. 9 then 
reveal that plastic strain (the only remaining variable) generally 
increases the fracture stress slightly, and that this effect of plastic 
strain on the fraeture stress is practically linear, for strains ex- 
ceeding 2 per cent. 

On the contrary, for plastic strains below approximately 2 per 
cent, a slightly smaller plastic strain preceding failure results in 
a much smaller value of fracture stress. This phenomenon is 
explained by the previously mentioned large effects of small 
plastic strains on the stress-concentration factor. Thus each 
curve in Fig. 9 may be divided into two regions of ductility: (a) 
above 2 per cent (approximately), where the shape is governed 
entirety by the effect of plastic strain; and (b) below 2 per cent, 
Where the shape of the curve is governed primarily by the stress- 
concentration factor. In this region plastic strain still retuins 
its superimposed effect, which may be represented by an extra- 
polation (dotted in Fig. 9) of the part of the curve where the 
stress-concentration factor is unity, but this effect is insignificant 
when compared with that of stress concentration. 

The stress-concentration factor may now be computed, ac- 
cording to Equation [6], taking a value of true fracture stress 
Sp, from the straight curves in Fig. 9 at the ductility and strength 
level of the test being considered. The results of such calcula- 
tion, Fig. 10, show that a strain greater than 2 per cent will re- 
duce any initial stress-concentration factor, however large, to 
unity, within the experimental limits of accuracy (+5 per cent). 
A certain amount of apparent scattering occurs in the steeper 
part of this curve because of the fact that the stress-concentration 
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factor depends also upon the notch radius, to a small extent, 
Fig. 11; consequently, the results in Fig. 10 should be repre- 
sented by a family of curves rather than by asingle curve. How- 
ever, the conception that the plastic strain has a predominant 
effect on the stress concentration is clearly shown in Fig. 10 by 
the fact that the points all conform rather closely to a single curve, 
regardless of radius. 

The combined effects of notch radius and notch ductility on the 
stress-concentration factor are illustrated in Fig. 11. The effect 
of the major factor, plastic strain, has been shown schematically 
by a family of curves representing various reductions of the initial 
(elastic) stress-concentration factor (derived from data of Frocht), 
corresponding to various amounts of plastic strain. The experi- 
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ricntal points indicate that the amount of ductility inherent in a 
metal having a strength level of 240,000 psi results in a reduction 
in the initial stress-concentration factor by 90 to 95 per cent (of 
its excess over unity). Likewise, for a strength level of 220,000 
psi this reduction is approximately 98 per cent, while for strength 
levels of 190,000 and 145,000 psi, the stress-concentration factor 
is reduced practically to unity over the entire range of notch 
radii.” 

Errecr or TRIAXIALITY ON Conesive Srrencru*® or Heart- 
TREATED STEELS 


According to the foregoing analysis, a notched tensile-test bar 
provided with a deep, but well-rounded notch (e.g., 0.031 in. 
radius) will exhibit an almost uniform triaxial stress state before 
failure. Consequently, the average fracture stress obtained 
under such testing conditions can be taken as being close to the 
true fracture stress, or the (technical) “cohesive strength” of 
the metal. This cohesive strength of a given metal should de- 
pend, according to the present conceptions, primarily upon two 
factors, i.e., the stress state, and the amount of plastic strain 
(preceding the failure). 

The stress states which can be produced by notched-bar tensile 
tests consist of various states of triaxial tension having two equal 
transverse tensions. These states can be designated, as pre- 
viously discussed, by a single quantity, the ratio of one transverse 
tension to the longitudinal tension, or “‘triaxiality” (S;/S,). 

A certain range of triaxiality is readily obtained by varying 
the notch depth. However, it is possible to utilize only a rela- 
tively small number of the tests that were made for the investiga- 
tion of notch depth (9), Fig. 12, in an analysis of the effect of 
triaxiality on the cohesive strength, because of the complicating 
effects of stress-concentration factor, notch sharpness, and plastic 
strain, preceding failure, which occur under certain conditions of 
testing. 

For a constant notch radius of 0.031 in., the notch sharpness 
varies with notch depth but is greater than approximately 0.2 for 
all notch depths and consequently, the stress-concentration 
factor is unity, according to the analysis of the previous section. 
For smaller notch radii,. the stress-concentration factor is not 
unity over the entire range of notch depth. For example, at 50 
per cent notch depth the stress-concentration factors are 1.1 
and 1.2 for radii of 0.008 and zero, respectivély, according to Fig. 
11. The fracture-stress versus notch-depth curve for 0.031 in. 
radius, Fig. 12, is nearly a straight line between notch depths of 
10 and 80 per cent. For the smaller radii, however, because of 
the retained stress concentration at fracture, the fracture-stress 
curves show a deviation from the curve for 0.031 in. radius at 
intermediate notch depths, which mirrors the maxima in the 
curves of elastic-stress-concentration factor versus notch depth, 


7 In Fig. 11 there appears to be a discrepancy at the boundary con- 
dition of zero radius, in that finite values of stress-concentration fac- 
tor are obtained experimentally, whereas a certain percentage reduc- 
tion of an infinite initial stress-concentration factor should result in 
an infinite retained stress-concentration factor. This discrepancy 
may be explained by the fact that an initial notch radius of zero does 
not remain zero while plastic strain progresses but changes to some 
small radius, such as that required by the conceptions represented in 
Fig. 11. Although no direct proof is available from the data in Figs. 
7 and 8 for the fact that the stress-concentration factor becomes 
practically unity after small amounts of plastic strain, the correctness 
of this statement can be indicated by showing that the experimental 
results are not compatible with any other conception. See Appendix 

*In this report, the term “cohesive strength” will refer to the 
“technical cohesive strength,” i.e., the stress normal to the fracture 
in a polycrystalline aggregate, such as most of the engineering ma- 
terials. This must be distinguished from the ‘‘true cohesive strength,” 
which is a function of the forces holding the atoms of a single crystal 
together. 
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Fig. 6. Thus all tests which deviate from the fracture-stress 
curve for 0.031 in. radius must be discarded because of stress- 
concentration factors at fracture that are different from unity. 
The specimens with very shallow notches (e.g., 5 per cent) ex- 
hibited necking of the cylindrical part of the specimen, in much 
the same manner as an unnotched bar, Fig. 13. This behavior 
results in an irregularly shaped notch which is not readily ana- 
lyzed for the purpose of determining the triaxiality at fracture. 


Fic. 13 Fracrurep TensiLe Test Specimen WitH A SHALLOW 5 
Per Cent Notcu, SHow1nc NEcKING or CYLINDRICAL PorTION 


The notch-strength ratio of specimens having a stress-concen- 
tration factor of unity and a readily determinable triaxiality, 
increases with increasing notch depth, as shown for a number of 
heat-treated steels in Fig. 14. According to the analysis dis- 
cussed previously, the triaxiality of a 50 per cent notched bar is 
approximately 0.3. The same analysis yields a triaxiality of 
nearly 0.4 for an 88 per cent notched bar with a radius of 0.031 
in. Presumably, according to Equation [5], a uniform triaxiality 
of nearly 0.5 could be obtained if a sufficiently deep and sharp 
notch were machined in a very soft metal, thus resulting in 4 
notch-strength ratio of nearly 2.0 (9). Previous tests on notches 
of other shapes indicate that this value can be exceeded only 
slightly by any type of stress raiser investigated so far (4). 

The results of the experimentation on heat-treated steels, 
which can be utilized for establishing the effect of triaxiality on 
the cohesive strength, are represented in Fig. 15. The available 
tests cover a considerable range of both triaxiality and plastic 
strain. Consequently, the effects of these variables on the co- 
hesive strength should be represented by a surface, having tri- 
axiality and plastic strain as the co-ordinates in the base and co- 
hesive strength as the ordinate. The contraction in area is 4 


. readily determinable criterion of the amount of plastic strain pre- 


ceding failure. On the contrary, the determination of the tri- 
axiality at failure is complicated by the fact that the notch depth, 
and consequently the triaxiality, is usually greater at fracture 
because of progressing plastic strain, than that at the maximum 
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load where the’ triaxiality can be calculated from the notch- 
strength ratio, according to Equation [5]. However, the tri- 
axiality determined by means of Equation [5] can be corrected to 
the conditions at fracture by using the trend of the notch-strength- 
ratio curve, Fig. 14, to determine the increase in triaxiality corre- 
sponding to an increase in notch depth that accompanies progress- 
ing plastic strain. 

The dependence of the cohesive strength upon the magnitude 
of triaxiality and previous plastic strain is illustrated in Fig. 16, 
for a heat-treated low-alloy steel having a strength level of 
220,000 psi. Of the two factors affecting the cohesive strength, 
triaxiality has the larger effect, causing an increase of 40 per cent 
in the cohesive strength over the available range of triaxiality, 
whereas the greatest plastic strain observed caused an increase in 
fracture stress of only 20 per cent, approximately, over the value 
corresponding to the smallest observed strain. 

The effect of plastic strain on the cohesive strength can be ob- 
served more readily if the results shown in Fig. 16 are cross- 
plotted (versus plastic strain) at a constant triaxiality of 0.37, 
approximately, Fig. 17. The increase in cohesive strength with 
increasing strain confirms the trend previously observed for the 
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50 per cent notches, corresponding to a triaxiality of 0.3, approxi- 
mately, Fig. 9. 

It is now possible to explain the hitherto unexplainable effects 
upon fracture stress of notch radius and strength level, as shown 
in Fig. 7. For the more ductile conditions, 145,000-psi aad 
190,000-psi strength levels, the fracture-stress versus notch- 
radius curve exhibits a slight minimum at a notch radius of 0.004 
in. and a definite maximum at a radius of 0.062in. These effecte 
are due to the variations in the amount of strain preceding frac- 
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ture (or ductility), Fig. 8, and the triaxiality, as determined from 
the notch-strength ratio, Fig. 5. Since the fracture stress in- 
creases with increasing triaxiality, as discussed previously, the 
curve in Fig. 7 should rise from a minimum at infinite radius toa 
maximum at 0.062 in. radius and remain constant for all smaller 
values of notch radius, thus reflecting the shape of the triaxiality 
curve, Fig. 5. However, because of the fact that the cohesive 
strength increases with increasing plastic strain and the ductility 
decreases rapidly with decreasing radius, the fracture-stress curves 
in Fig. 7 do not rise as rapidly as would be expected in the range 
from infinite radius to 0.062 in. radius. 

In the range of radii from zero to 0.062 in., the effects are due 
entirely to the strain preceding failure, and reflect the shape of 
the ductility curves in Fig. 8. The sharp decrease of fracture 
stress with decreasing radius from a maximum at 0.062 in. radius 
to a minimum at 0.004 in. radius reflects the rapid decrease of 
ductility in this range of radius. There is even a perceptible in- 
crease in fracture stress with decreasing radius in the range from 
zero to 0.004 in., mirroring the corresponding increase in ductility. 

The shape of the fracture-stress curve, Fig. 7, for the more 
brittle condition, 240,000-psi strength level, may be explained in 
a similar manner in the range of radii from 0.031 in. to infinity, 
where the ductility is above 2 per cent, Fig. 9. For radii less 
than 0.031 in., where the ductility is less than 2 per cent, the 
fracwure stress is influenced by the deviation of the stress-concen- 
tration factor from unity, as explained previously. The decrease 
in fracture stress with decreasing radius is caused by the increase 
on stress-concentration factor, Fig. 11. This effect is augmented 
by the decrease in ductility in this range, Fig. 8, as discussed pre- 
viously. 

The dependence of the cohesive strength upon the stress state 
has been the subject of numerous speculations, but so far only a 
small amount of experimental work has been done in this field. 
Some such “conditions of fracture” are diagrammatically rep- 
resented in Fig. 18, using an arbitrary scale. 

The “maximum stress condition” that had been almost uni-. 
versally accepted for a long time is characterized by the fact that 
fracture occurs when the greatest tensile stress reaches the tensile 
strength in pure tension 


where Spo is the fracture stress in pure tension. 

This conception does not agree with the results of experimenta- 
tion on notched tensile-test bars (17, 18). It also does not ex- 
plain the observation (19) that a cohesive fracture can be obtained 
under the action of biaxial compression in the plane of fracture. 

The experimental values of cohesive strength Sy, Fig. 16, de- 
viate only slightly from the “maximum shear condition” 


Sp = Spo + [8] 


where S,- is the transverse stress. This equation, however, also 
represents closely the condition of plastic flow. Therefore, the 
conception that the cohesive strength conforms to the maximum 
shear condition is not compatible with the observations that the 
addition of transverse tension (in both directions) reduces the 
ductility, as observed in notched-bar tensile tests, while the addi- 
tion of transverse compression increases the ductility, such as in 
testing of dies under internal pressure (20). Apparently the 
condition of fracture is nearly, but not exactly, the same as the 
maximum shear condition. 

Therefore, as a first approximation to the correct condition of 
fracture, the “maximum strain condition” fulfills the require- 
ments discussed previously. This condition is characterized by 
the fact that fracture occurs when the maximum elastic strain 
ep equals that in pure tension. Applying the equations of elas- 
ticity, the condition is given by 
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where m is the Poisson ratio, being approximately 0.30 for steels, 
This condition yields values of fracture stress between those de. 
termined by the maximum stress condition and the maximum 
shear condition, Fig. 18. 

If the Poisson ratio in Equation [9] is given a value of 0.5, 
representing pure plastic flow, then the maximum shear condj- 
tion, Equation [8], is obtained. Likewise, if the Poisson ratio jp 
Equation [9] is set equal to zero, the maximum stress condition 
of failure, Equation [7], results. Thus a wide variety of fracture 
conditions can be represented by using different values of m in 
Equation [9], these values being only fictitious, of course, regard- 
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ing the ratio of transverse to longitudinal strain, i.e., the defini- 
tion of the Poisson ratio. Apparently, a fictitious value of the 
Poisson ratio of 0.4 approximately, intermediate between the 
maximum shear condition and the maximum strain condition 
and rather close to the maximum shear condition, represents 4 
failure condition that agrees with the experimental results, Fig. 
16. 


The frequently observed embrittling effect on steels of triaxial . 


tension can now be explained on the basis of the fundamentals 
described. As the triaxiality increases, the flow stress (shown by 
the dotted curve in Fig. 16) increases more rapidly than the co- 
hesive strength. The difference between these two strength 
characteristics is roughly proportional to the ductility, as ex- 
plained previously and, consequently, the ductility decreases 
the triaxiality increases. 

The basic relations involved in the effects of triaxiality on duc- 
tility and fracturing may be observed more clearly by the use of a 
three-dimensional schematic diagram showing the effects of plas- 
tic strain and triaxiality on the flow stress and cohesive strengt!, 
Fig. 19. For any given triaxiality, as plastic strain progresses, the 
flow stress increases more rapidly than the fracture stress, until 
the two quantities are equal, and fracture occurs. The amount 
of strain preceding failure (ductility) depends on the initial dil- 
ference between the flow stress and fracture stress. Since ths 
difference decreases with increasing triaxiality, the ductility also 
decreases. 
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Apparently, a small displacement of either surface toward the 


(0 other may cause full embrittlement of an otherwise very ductile 
sels, steel. Thus increasing the speed of deformation or lowering the Gane 
de- temperature, among other factors, causes an increase in flow tr } | 
Yum stress; and some metallurgical factors, such as a large grain, 4 
may cause embrittlement because of a slight decrease in cohesive f! ‘ 
0.5 strength. 
ndi. Cold work also appears to influence these two fundamental Ps al al 
o in metal characteristics in a similar manner, i.e., curves of cohesive Py core goer” Lil 
tion strength and flow stress versus plastic strain both have an up- a a 
ure ward trend. Consequently, a slight vertical shift in either-curve : / sr 
n in causes a large change in the plastic strain at which the two curves y <<. 9 4 ; 
urd- intersect, i.e., the fracture strain, or ductility. The wide varia- v 
tions in ductility encountered under border conditions of brittle- N 
ness might be explained in this manner (1). 
ComMERCIAL SIGNIFICANCE OF CONCENTRIC AND ECCENTRIC 
Norcuep-Bar-Test RESULTS 
Probably because of the susceptibility of metals to large changes ‘ ~~]. oa 
in ductility under conditions of triaxiality, as discussed in this 8 ie 
paper, a regular tensile test failsgentirely to characterize the ———— pr” 
service properties of a heat-treated steel. Small variations in ‘ : ' 
hardness, in structure, or in the testing conditions, generally re- Scuematic DiaGRaM SHowIne EFFect PLasTic Ornain 
D TRIAXIALITY ON FLow Stress AND Conesive STRENGTH, AND 
sult in only small changes of strength and ductility, which appar- Resuttine Errect or TRIAXIALity oN Ductiiry 
ently are of little practical significance. 
On the contrary, both notched-beam impact tests and static similar significance is obtained if the energy consumed is meas- 
notched-bar tensile tests respond to basic changes of the metal ured, i.e., if the product of ultimate strength and notch ductility 
properties with corresponding changes of test values. The con- is formed, Fig. 20. 
ventional notched-beam impact test, of course, yields only an Beyond supplying such a rather complex metal characteristic, 
energy value. From the notched-bar tensile test, a-value of the regular (concentric) sharply notched-bar tensile test indi- 
cates in a particularly sensitive manner the de- 
6 60 T T crease in inherent ductility of the metal if the ductil- 
8 S.AE. 3/40 ? 45° ity is below a certain limit (5, 7). As long as the 
7 0480" %.005 notch ductility of a steel exceeds a certain small 
s 3 | TO - value, say 2 per cent, the ratio of notch strength 
+ @- to ultimate strength is practically only a function 
| / — "a enne’s oos of the notch depth, e.g., 1.5 for bars provided with 
onl $ le a 50 per cent 60-deg v-notch and consequently, 
only the notch ductility, but not the strength, indi- 
g 20 re = cates the detrimental effects of any embrittling fac- 
ni- fy 44" tor. If the ductility is small, however, the notch 
the ¥ é 0450" 0002 strength will be only a fraction of the ultimate 
the c =p “ strength, Fig. 21, and thus the notch strength limit 
ion ‘0 > ease: of approximately 200,000 psi, beyond which struc- 
$a 400 600 800 1000 tural steels exhibit this deficiency, appears to cor- 
ig. TEMPERING remPERATURE HR), respond closely to their useful service limit. 
Furthermore, if notched bars are tested eccentri- 
‘ial cally in tension (7,8, 10), theirstrength becomes de- 
als % 6000 . . pendent primarily upon their ductility even for duc- 
by IS SA.E. 3140 tility values considerably above 2 percent. This 
CO N weal conclusion may be reached by either theoretical or 
sth : experimental investigation, Fig. 22. Such an ec- 
- 4000 ° centric notched-bar tensile test, therefore, supplies 
- & a measure of the metal ductility, which can be de- 
$ termined not only more readily but also considerably 
gl 8 more accurately than other ductility characteristics 
2000 of practical significance, such as the notch duc- 
| tility in a concentric notch test. 
he ConcLusions 
int 400 060 The following conclusions have been drawn from 
if- notched tensile tests of heat-treated low-alloy steels. 
nis TEMPERING TEMPERATURE( fhe), OF Since this was the only material investigated, it is 
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CORRESPONDING CONCENTRIC 


1 Fora metal of sufficiently high ductility it is possible to 
measure the triaxiality in a notched bar by two methods which 
yield closely agreeing values. The triaxiality is independent of 
the plastic strain in the notch up to at least 5 per cent strain, and 
ep is independent of notch sharpness (ratio of notch radius to notch 
ae diameter) for values below 0.2. 

2 Any stress-concentration factor, however high it may be in 
the elastic region, is reduced practically to unity by an average 
plastic strain as small as 2 per cent. 

3 The technical cohesive strength increases with both increas- 
ing triaxiality and with increasing plastic strain. 
either of these variables, the rate of increase is slightly smaller 
ae than that at which the flow stress, or yield strength, increases. 

aed 4 Under conditions of triaxial tension, the condition of frac- 
ture is between the “maximum shear stress condition” and the 
“maximum strain condition.” 

5 For many typical service conditions, concentric and eccen- 


In the case of 


tric. notched-bar tensile tests yield a more-reliable criterion of the 
inherent ductility of a metal than a conventional tensile test. 
Consequently, a notched tensile test is a better measure of the 
suitability of a given metal for service conditions involving tr;- 
axial tension than the unnotched tensile test. 


ACKNOWLEDGMENT 


This paper summarizes the fundamentally significant results 
obtained on a research project, sponsored by the International 
Nickel Company, New York, N. Y. The authors are highly 
indebted to Dr. P. D. Merica, Vice-President, and Dr. H, J. 
French, Assistant Manager of the Development and Research 
Division, for their co-operation and many valuable suggestions 
made during numerous discussions on this project. 

Appreciation is also extended to Mr. L. J. Ebert, who-was in 
charge of the experimental work, and to P. Stefan, E. L. Aul, 
and M. H. Jones, who assisted in the tests. 


Appendix 


Discussion OF SOME QUALITATIVE CONCEPTIONS 


Some of the important conclusions of the paper are based upon 
conceptions which have not been developed in detail, for the sake 
of the continuity of thought. Therefore it appears necessary to 
discuss these conceptions more completely in order to clarify 
some of the statements which might otherwise be considered as 
unfounded, and in order to avoid certain misconceptions which 
might arise regarding the conditions of stress and strain in 
notched tensile tests. 

Notch Ductility. It must }2 emphasized that the physical sig- 
nificance of the natch ducti‘ity has not been clarified as yet. 
The “notch ductility’ is defined as the per cent contraction in 
area of the cross section at the bottom of the notch. It is there- 
fore the average of the radial strains (at fracture) which cer- 
tainly vary within wide limits. The notch ductility has been 
used as a measure of the fracturing strain, i.e., the true ductility, 
and this has caused considerable controversy. 

The strain at the surface is usually high, and for a test bar with 
a sharp notch it reflects the high stress concentration in the 
elastic region. At the surface the radial stress is zero, and a 
stress state exists similar to that on the tension surface of a bend. 
Such a stress state has been found generally not to reduce the duc- 
tility to a value less than 50 per cent, approximately, of the duc- 
tility in pure tension. On the contrary, the test results show that 
the average strain at fracture may be only a few per cent, or a 
very small value in comparison to the strain that may exist with- 
out failure at the surface. This means that any high strains at 
the bottom of a sharp notch must occur only in a layer that is 
very thin in comparison to the total cross section, such as shown 
schematically in Fig. 23. 

Although it is likely that a high local strain occurs at the bot- 
tom of a sharp notch at the moment of fracturing, the fracture is 
obviously not determined by this value, but by a much lower 
value, at the point where the combined effects of triaxiality and 
stress concentration result in a maximum tendency to fracture. 
Although neither the exact location of the beginning of failure 
nor the accurate strain distribution is known, all evidence at the 
present time points toward the conclusion that fracture begins 
below the notch bottom, i.e., at some point within the region A-B 
in Fig. 23. Consequently, the notch ductility should be an ap- 
proximate measure of the true ductility, being probably slightly 
higher than the local strain at failure. It might be expected that 
the failure would begin at the notch bottom where the strain is 
very high. However, the triaxiality is zero at the notch bottom, 
and the stress conditions that are most conducive to failure occur 


WELDING RESEARCH SUPPLEMENT JANUARY 


8 
f 
I 
i 


at a 
Z and 
Vz | 
note 
fract 
meté 
TI 
tility 
VA, the 
\ R 
‘ 
diffi 
basi 
ee mu: 
L mai 
tior 
° 900 var 
in 1 
for 
pla 
alt 
ple 
w 
of 
as 
st 
ti 
d 
2 
n 
r 
b 
62-s 


at a point considerably below the notch bottom. This phenonie- 
non may be observed directly in a tensile test of a notched strip 
and indirectly by the appearance of the fracture surface of 
notched cylindrical specimens. Furthermore, the fact that the 
fracture stress is independent of the radius over a wide range (7) 
can be explained only by the fact that the fracture originates at 
a point well below the notch bottom where the triaxiality is high 
and fairly uniform, and where it is unaffected by the thin layer of 
metal at the notch bottom that is subjected to biaxiality only. 

Thus it appears quite reasonable that the true ductility, or 
true fracturing strain, deviates only slightly from the notch duc- 
tility, even for test bars with comparatively sharp notches where 
the strain distribution at fracture is highly nonuniform. 

Reduction of Stress-Concentration Factor by Plastic Strain. 
The conception that a small plastic strain will reduce any elastic- 
stress-concentration faetor, however high, practically to unity is 
dificult to comprehend and cannot be proved directly on the 
basis of existing experimental evidence. 

In discussing the subject of stress-concentration factor, it 
must be recognized that any nonuniformity of stress distribution 
at fracture is a combination of at least three phenomena: (a) 
The stress concentration due to the contour of the notch that re- 
mains from the elastic state; (b) the variation in stress which is 
necessary to overcome the varying resistance to plastic deforma- 
tion over the cross section, this in turn being caused by the non- 
uniformity of strain (and resulting strain hardening); (c) the 
variation in longitudinal stress that corresponds to the variations 
in triaxiality from zero at the notch bottom to some finite value 
at the center of the bar. The first of these factors is responsible 
for the largest part of the nonuniformity existing at very small 
plastic strains, but this portion of the nonuniformity is apparently 
almost completely eliminated by a sufficient amount of additional 
plastic strain. On the contrary, the nonuniformity of longitudi- 
nal stress resulting from nonuniform strain-hardening and non- 
uniform triaxiality, although of small magnitude, is not changed 
appreciably by further plastic strain. Consequently, a condition 
of uniform longitudinal stress is never completely reached in a 
notched-tensile-test bar. 

Although the reduction of the stress-concentration factor 
nearly to unity by small plastic strains cannot be proved di- 
rectly, a number of independent items of evidence described pre- 
viously indicate the validity of this conception. Furthermore, 
it can be shown that the experimental results are not compatible 
with any other conception. Consider, for example, the values 
of stress-concentration factor that would be obtained by assuming 
a stress-concentration factor of 1.5 at r/d = 0.2 rather than unity 
as assumed previously. Under these conditions the true fracture 
stress at r/d = 0.2 would be 1.5 times the experimental value. 
Using this value of Sp in Equation [6], values of stress-concentra- 
tion factor for other radii can be obtained, Fig. 24. The results 
disagree radically in two respects with the conceptions just dis- 
cussed and represented qualitatively by the solid curves of Fig. 
24, in that the curves for all the strength levels become (a) 
nearly parallel and (b) approximately horizontal above a value of 
r/d of 0.05, where the stress-concentration factor is still considera- 
bly different from unity. 

It seems unreasonable that the stress-concentration factor 
should decrease (with increasing notch radius) at the same rate 
for different strength levels in the range of large radii, whereas the 
rate of decrease is widely different for different strength levels 
in the range of small radii. Likewise, it seems unlikely that a 
certain plastic strain (corresponding to a strength level of 190,000 
psi, for example) would reduce the stress-concentration factor by 
more than 90 per cent for small radii, whereas an even larger 
strain, Fig. 7, reduces the stress concentration factor by less than 
60 per cent for large radii. 
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Fic. 23 Scuematic DiaGRAM or STRAIN DisTrRIBUTION AT FRAC- 
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AVERAGE DvuctTILiTy 


In view of these inconsistencies between the experimental re- 
sults and certain basic relations, when a stress-concentration fac- 
tor at fracture other than unity is assumed to exist in the range of 
high strains and large radii, it must be concluded that the stress- 
concentration factor is unity under these conditions; thus. the 
true picture of the effects of notch radius and plastic strain on the 
cohesive strength and stress-concentration factor is given in Figs. 
7, 10, and 11. 
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Discussion on “Effect 
of Recent Research on 
the Weldability and: 
Control of the Produc- 
tion of Steel Aircraft 
Tubing 


By H. R. Lewis! 


As one, connected with the Seamless Tube Industry 
since the end of World War I and the processing of tub- 
ing for aircraft purposes for the same length of time, I 
welcome the opportunity for a brief discussion of this 
paper. I wish to congratulate Mr. Williamson on a most 
interesting and worthy paper as well as the personnel of 
the Battelle Memorial Institute for the approach and 
work done on this subject of the cause of cracking in the 
welding of low-alloy steels. 

However, as regards the weldability of tubing for air- 
frame purposes, from personal experience and observa- 
tion as well as from investigations made by some of the 
Government Agencies, it is my opinion that practically 
all cases of welding failure in this field have come from 
poor welding technique rather than analysis or structure 
of tubing involved. 

On the other hand, the writer does have in mind a 
heat of steel processed by two different tube companies, 


* Paper by A. J. Williamson published in the Oct. 1945 issue of Taz Wetp- 
ING JOURNAL. iscussion continued from the Dec. 1945 issue of the Supple- 


ment. 
+ Chief_Metallurgist, The Ohio Seamless Tube Co. 


with evidently very different results. This heat of steel 
was produced in 1938 and the ladle analysis follows: 
C, 0.32; Mn, 0.48; P, 0.016; S, 0.023, Si, 0.21; Cr, 1.03; 
Mo, 0.21. (Carbon checks as high as 0.36. Grain 
size 1/ s-) 

Approximately one-half of the heat was processed by 
the one mill to arrive at the mechanical properties re- 
quired and a structure containing spheroidized carbides 
as discussed in Mr. Williamson’s paper. The resulting 
tubing went into eighteen different orders and approxi- 
mately as many users with no apparent welding troubles. 
The balance of the heat processed by the other mill to 
give a so-called ‘normalized structure’ to meet the 
physical properties required, gave rather extensive 
trouble in the field. 

It is indeed interesting to me, that the work done, as 
reported in this paper, apparently shows the cause of the 
trouble at that time. 

While this may be a slight digression, from my own 
viewpoint, one of the conclusions that may be derived 
from Mr. Williamson’s paper substantiates the idea that 
specification writing bodies should be careful not to 
dictate a method of manufacture of a product (unless very 
sure of their ground) but should rather confine themselves 
to setting up the necessary tests to prove the quality of 
the product as meeting the requirements of the specifica- 
tion. When I remember the effort that had to be put 
forth by various metallurgists of the tube companies to 
prevent certain aircraft tubing specifications stating that 
“‘the tubing should be furnished in normalized condition 
only” and this irrespective of the size or mechanical 
properties required, it is indeed heartening that this 
paper substantiates the idea that the processing and 
structure evolved to give good surface and mechanical 
properties also tends to give the best welding properties. 

In conclusion, I fully agree with Mr. Williamson that 
close mutual cooperation between consumer, steel and 
tube maker taking full advantage of technical informa- 
tion available has been and will continue to be essential 
in turning out the best in tubing. 
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The Surface Preparation of Aluminum 


Alloy Sheet for Spot Welding 


The Effect of Factors Associated with Precleaning, Rinsing 


and Heat Treatment. 


Summary 


HIS report describes some recent experiments 
dealing with the surface preparation of aluminum 


alloy sheet for spot welding. The investigation 
has been conducted at the Rensselaer Polytechnic In- 
stitute under the sponsorship of the Office of Production 
Research and Development of the War Production 
Board. This work has been a continuation of the air- 
craft spot-welding research program which was orig- 
inally sponsored by the N.A.C.A., the Naval Bureau of 
Aeronautics and the Army Air Forces, at the above In- 
stitute. 

This main part of the investigation has consisted of a 
series of experiments to determine the effect of preclean- 
ing, rinsing and heat-treating operations on the subse- 
quent surface preparation of aluminum alloys for spot 
welding. The work also included a study of the stability 
of certain surface films which are associated with low 
contact resistance and good weldability. Electron dif- 
fraction studies were made to detect and identify these 
surface films. 

The results indicate that all foreign material such as 
forming compounds or lubricants should be removed 
from the surface of Alclad 24S-T sheet prior to heat treat- 
ment, if the surface of the metal is to be subsequently 
prepared for spot welding by chemical means. Alclad 
24S-T sheet should be thoroughly rinsed immediately 
after cleaning in a hot alkaline solution containing a 
silicate inhibitor, whether this precleaning precedes or 
follows heat treatment, if subsequent surface treatment is 
to be satisfactory. The metal must not be allowed to 
dry before rinsing. 

The immersion of Alclad 24S-T sheet in hot water is a 
potential source of trouble due to the formation of a film 
of a@AlO;-H,O or Boehmite on the surface of the metal. 
Once this film has formed, it may be difficult if not im- 
possible to successfully prepare the surface of the metal for 
spot welding by chemical means. If this film forms after 

* Second and Final Progress Report on Aircraft Spot Welding Research to 
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surface treatment the surface is rendered unsatisfactory 
for spot welding and the damage may be difficult to over- 
come. The above film of a-Al,O;-H,O does not form on 
Alclad 24S-T sheet in a hot alkaline precleaning solution 
containing a silicate inhibitor or in hot rinse water after 
cleaning in such a solution. This indicates that in the 
latter case, either enough alkaline precleaning solution is 
being carried over into the rinse bath to protect the 
metal, or the precleaning solution is leaving a protective 
film of silicate on the metal. 

The treatment of Alclad 24S-T sheet in H,SiFs pro- 
duces a surface condition that is surprisingly stable. 
Sheet can be treated, oiled, held for six weeks, degreased, 
and still exhibit a low contact resistance. The stability 
of the surface can be improved still further by the addi- 
tion of a small amount of K,Cr.O; to the H,SiF, treating 
solution. These observations suggest that further re- 
search and development may make it possible to prepare 
the surface of aluminum alloy sheet for spot welding at 
the mills before shipment to the customer. 

When Alclad 24S sheet has to be heat treated by the 
customer prior to spot welding, there is a possibility of 
combining the quenching and surface-treating opera- 
tions. This would be accomplished by substituting for 
the quench bath a solution capable of producing a sur- 
face condition suitable for welding. The effect of such a 
solution on the corrosion resistance and other properties 
of the metal would have to be investigated before such a 
procedure could be,adopted in practice. This procedure 
might prove useful in preserving a surface condition 
suitable for welding, if it becomes feasible to surface 
treat the sheet at the mills before shipment. 

The surface treatment of 99.7% pure aluminum in 
H,SiF, produces a surface which gives an electron dif- 
fraction pattern that is characteristic of metallic alumi- 
num. The surface exhibits a very low contact resist- 
ance and is stable in this respect up to at least 100 hr. 
exposure to laboratory air. 

The surface treatment of Alclad 24S-T sheet in H.SiFs 
produces a surface which gives an electron diffraction 
pattern that is characteristic of a spinel type structure. 
The substance on the surface of the metal may possibly 


; 
| 
4 


be y-Al,O; with considerable Mg or Cu substitution. 
The substance appears to be closer in composition to the 
acid-resisting spinels, MgAl,O, and CuAl,O,, than to the 
y-Al,O; which is acid soluble. If the above conclusion is 
correct, it is logical to assume that the acid-resisting 
spinel forms in minute patches on the surface of Alclad 
24S-T during heat treatment. The intervening areas 
are probably covered with an acid-soluble aluminum 
oxide which is subject to attack by the HSiFs. The 
presence of varying amounts of acid-resisting spinel may 
be a partial explanation of why some material is more dif- 
ficult to surface treat than other material. 

The surface treatment of bare 24S-T in hot HNO; 
produces a surface which gives an electron diffraction 
pattern that is characteristic of metallic copper. The 
surface exhibits very low contact resistance and good 
weldability for a short time after treatment. However, 
contact resistance measurements indicate that the sur- 
face is unstable. 


Introduction 


Many operations may intervene between the rolling 
of aluminum alloy sheet and its surface treatment in 
preparation for spot welding. The sheet is frequently 
subjected to forming operations in which the surface of 
the metal may be affected by the stretching or shrinking 
of the sheet, or by the abrasive action of the forming 
tools. Lubricants or forming compounds are usually ap- 
plied to the surface of the metal in these operations. 
Very often the sheet is subjected to heat-treating opera- 
tions in which the surface of the metal may be affected 
by metallurgical changes, furnace atmospheres or by the 
action of quenching baths. The sheet is usually sub- 
jected to one or more cleaning or degreasing operations 
in which the surface of the metal may be affected by ac- 
tion of the cleaning medium, by the rinse water or by 
drying. Therefore, it is obvious that the surface condi- 
tion of the metal, just prior to its surface preparation for 
spot welding, may be due to a combination of a large 
number of factors. 

The primary purpose of the work covered by this re- 
port was to determine how certain factors associated with 
precleaning, rinsing and heat-treating operations affect 
the subsequent surface treatment of Alclad 24S-T sheet 
in preparation for spot welding. The work was limited 
to a few factors which appeared to be potential sources 
of trouble. Among these were such factors as degree of 
surface cleanliness prior to heat treatment, thoroughness 
of rinse after alkaline precleaning, exposure of metal to 
hot water, heat treating environment and composition 
of the quench bath. In each case the work was only ex- 
ploratory in character, due to the large number of vari- 
ables involved and the limited time available. The ef- 
fect of forming operations was not studied except for the 
effect of residual forming compounds or lubricants on 
the surface of the metal. 

A number of engineers from the automotive and rail- 
car manufacturing industries have indicated that the 
necessity for elaborate surface-treating procedures and 
the troubles associated therein tend to retard the wider 
use of aluminum alloys in their respective fields. They 
and their fellow engineers from the aircraft industry 
have asked why a method cannot be developed for pre- 
paring the surface of aluminum alloy sheet for spot weld- 
ing at the mills before the sheet is shipped to the cus- 
tomers. During the course of the present investigation 
it became evident that such a procedure may prove to 
be feasible in the future. There appear to be several sur- 
face films which are associated with low contact resist- 
ance and good weldability, and which are remarkably 
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stable and capable of withstanding considerable abuse. 
Considerable time was devoted to this subject in view of 
its potential importance. 

The presence and identification of surface films on 
metals can be most readily determined by electron dif- 
fraction studies. Such studies were made to a limited 
extent in the present investigation. The results of 
similar studies have been recently reported by other in- 
vestigators.6 Electron diffraction studies are the most 
promising means for gaining a thorough understanding 
of surface-treating problems which are still hindering the 
application of spot welding to aluminum alloy structures. 

This is the fifth report from this laboratory dealing 
with the surface treatment of aluminum alloys prior to 
spot welding. The first three reports appeared in a 
series of progress reports on research conducted for the 
N.A.C.A. and other agencies. The first report intro- 
duced the contact resistance measurement as an indica- 
tor of the weldability of an aluminum surface, and showed 
the critical nature of some chemical solutions.! The 
second report presented treating characteristics for a 
large number of hot chemical solutions for removing or 
transforming the surface films on aluminum alloy sheet.’ 
This report also described some limited work with pre- 
cleaning solutions for removing oil films, grease, paint, 
etc., from the surface of the metal. The third report 
presented treating characteristics for a number of cold 
solutions, and described the development of the hydro- 
fluosilicic acid solution, which has proved to be very 
efficient and economical for treating Alclad 24S-T sheet 
at room temperature.* The fourth report described the 
first phase of the present investigation which consisted 
of a specific study of the final rinsing operation in the 
chemical surface preparation of Alclad 24S-T for spot 
welding.‘ 


Apparatus 


Much of the apparatus employed in this investigation 
was standard laboratory equipment. A small press 
fitted with insulated copper electrodes and a suitable 
bridge circuit were provided for measuring the electrical 
contact resistance between pairs of specimens. This 
equipment has been fully described in previous reports 
from this laboratory.?-* The electron diffraction camera 
was designed and constructed by Dr. K. H. Moore of the 
Department of Physics.’ This apparatus was operated 
at a wave length of 0.054 Angstroms, as determined by 
calibration against evaporated gold and zinc oxide 
smoke. The electron diffraction equipment will be 
more fully described in a future paper by Dr. Moore. 


General Procedure 


In this investigation each experiment required a some- 
what different procedure. Therefore the more important 
steps in each experiment are shown in the flow diagrams 
which accompany the tables of data. In some instances 
minor steps are not shown. Likewise, specific details 
are not always given for the major steps when those de- 
tails conform to the standard practice, as outlined be- 
low. 

Acetone Cleaning.—This cleaning method consisted 
of wiping the specimens with a clean cloth moistened with 
acetone. 

Vapor Cleaning.—This method consisted of suspending 
the specimens in trichloroethylene vapor for about 40 
sec. The operation was usually repeated once. 

Alkaline Cleaning.—When this method of cleaning was 
employed, specimens were immersed in the hot alkaline 
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solution at 180° F. for 5 min. Unless otherwise specified 
the alkaline solution was made up as follows: 1.5% 
NavCOs, 1.5% NasPO, and 1.5% NaSiO; (40° Bé). 

Quick Ranse.—A quick rinse consisted of quickly im- 
mersing the specimens in distilled water at room tempera- 
ture and withdrawing them immediately. This opera- 
tion was usually repeated twice. 

Heat Treatment.—Unless otherwise specified, speci- 
mens were heat treated at 920° F. for 20 min. 

Quenching.—Specimens were normally quenched in 
tap water at room temperature. 

Drying.—All specimens were dried in a moving stream 
of air at room temperature. 

Surface Treatment.—Unless otherwise specified, speci- 
mens were surface treated in a solution of H,SiF, at room 
temperature. This was made up as follows: 3% by 
volume of 28% H2SiF, and 0.1% by weight of the wetting 
agent, Nacconol NR. The treating time was varied to 
suit the needs of each experiment. 

Contact Resistance Measurements.—Specimens were 
always prepared in pairs. Five measurements of con- 
tact resistance were made with each pair. Therefore, 
every value of contact resistance, shown in this report, 
represents the average of at least five measurements taken 
on two specimens. 

Holding.—By holding is meant the exposure of speci- 
mens to the atmosphere of the laboratory for various 
periods of time. 

Alclad 24S-T, 0.020 in. in thickness, was the stock 
used in most experiments. In some cases 99.7% pure 
aluminum or bare 24S-T, 0.020 in. in thickness, was used. 
The other dimensions of the specimens were °/, x 3 in. 
The purpose of using the latter materials was to learn 
how they differ from Alclad 24S-T in their response to 
different treatments. The problem of surface treating 
Alclad 245-T is believed to be intermediate between 
that of treating 99.7% pure aluminum and that of treat- 
ing the bare 24S-T alloy. Observations of the reactions 
of all three materials, to the same operations affecting 
surface condition, become increasingly important in 
studying the fundamentals of surface-treating opera- 
tions. In this investigation bare 24S-T was only used 
in the electron diffraction work. 

Electrical contact resistance measurements were 
adopted as the means for evaluating the final surface 
condition of the specimens. These measurements were 
adopted because previous research and production ex- 


perience had shown that such measurements are a good 
criterion of when the surface of aluminum alloy sheet is 
in satisfactory condition for spot welding.’~* This con- 
tact resistance is measured by clamping the specimens 
between two copper electrodes and determining the sheet- 
to-sheet resistance by a standard method for measuring 
low values of resistance. Poor electrode tip life, welds 
of irregular shape and expulsion of metal are to be ex- 
pected when the contact resistance is high. Good tip 
life, uniform welds and freedom from expulsion are to 
be expected when the contact resistance is low, or less 
than about 75 microhms when measured with electrodes 
having spherical faces, 4 in. in radius of curvature, and 
with an electrode force of 1000 Ib. It should be under- 
stood that this value of contact resistance has been ar- 
bitrarily selected. Resistance values under 25 microhms 
are frequently obtained in the laboratory with good sur- 
face preparation. At the other extreme, it is doubtful 
if the best surface condition is obtained when the resist- 
ance values are much in excess of 150 microhms. Oc- 
casionally it is found that a low contact resistance does 
not insure good tip life. This may be due either to im- 
proper welding conditions or to some particular surface 
condition which is not compatible with good tip life in 
spite of the low contact resistance. Further research is 
needed to establish the fundamental relationship be- 
tween electrode tip life and surface condition, as deter- 
mined by contact resistance measurements and electron 


diffraction studies. 


Specific Procedures and Results 


Effect of Residual Forming Lubricants on Surface Prior to 
Heat Treatment 


An experiment was devised to determine whether a 
trace of oil or forming compound on the surface of Alclad 
24S-T sheet during heat treatment would affect subse- 
quent surface-treating operations. Specimens were 
cleaned, uniformly smeared with an oil or forming com- 
pound, heat treated in an air furnace, surface treated in a 
solution of H,SiFs, and then subjected to contact resist- 
ance measurements. The results are shown in Table 1. 
In the first test the specimens were coated with a mixture 
of 90% red machine oil and 10% fish oil. This type of 


oil is sometimes applied to the surface of aluminum alloy 
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OIL FURNACE 
QUENCH SURFACE 
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> me VARIABLE TIME 


Specimens: Alcad 24S-T, 0.020 In. 


Contact Resistance, Microhms 
Time of Surface Treatment, Min. 


Conditions During Heat Treatment 1 2 3 4 8 12 16 
(1) Specimens coated with 90% mineral oil, 10% fish oil >1100 >1100 >660 9 79 
(2) Specimens coated with D.T.E. heavy-medium oil >1100 >1100 367 8 90 
(3) Specimens coated with Safco No. 4 Compound with D.T.E. heavy-medium oil >1100 >1100 160 9 122 
(4) Clean specimens, no Alorco in furnace >1100 >1100 252 
(5) Clean specimens, Alorco in furnace >1100 > 602 >524 B14 6 
(6) Clean specimens, no heat treatment >1100 >1100 118 3 .. 
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Table 1—Effect of Residual Forming Lubricants on Surface of Alclad 24S-T Prior to Heat Treatment 
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Table 2—Effect of Residual Alkaline Cleaning Compounds on Surface of Alclad 24S-T, 0.020 In. in Thickness 


CLEAN - DRY SURFACE 
ALKALINE TREATMENT MEASURE 
SOLUTION 1 HOUR HEAT CONTACT 
WITH STANDARD TREATMENT RINSE RESISTANCE 
SILICATE RINSE AIR PURNACB DRY 
QUENCH 
VARIABLE TIME 
Contact Resistance, Microhms 
‘ Surface Treating Time, Min. 

Alkaline Cleaning Solution Heat Treatment 2 4 s 16 
NazCO;, NasPO,, NaSiO; No >1 100 >1100 58 16 
NazCO;, Na;PO,, NaSiO; Yes >1100 >1100 >1100 >701 
Sprex AC No >1100 > 760 10 58 
Sprex AC Yes >1100 >1100 133 156 
Navy C-67-C No >1100 >1100 21 9 
Navy C-67-C Yes >1100 >1100 > 600 >344 
Clepo 85-D No >1100 > 779 12 5 
Clepo 85-D Yes >1100 >1100 208 182 
Kelite KDL No. 1 No >1100 >1100 12 6 
Kelite KDL No. 1 Yes >1100 >1100 163 77 
Oakite Aviation No >1100 >1100 40 5 
Oakite Aviation Yes >1100 >1100 189 106 


sheet at the mills before shipment. D.T.E. heavy- 
medium oil was applied to the specimens in the second 
test. This oil is used as forming lubricant for general 
work at some aircraft plants. A mixture of Safco No. 4 
compound with D.T.E. heavy-medium oil was used in the 
third test. This mixture is sometimes used for lubricat- 
ing deep draw operations. The latter mixture appears to 
be pigmented. In the fourth and fifth tests clean speci- 
mens were heat treated to obtain data for comparison 
with those obtained from the dirty specimens. In the 
last test the specimens were neither oiled nor heat 
treated. 

Examination of Table 1 indicates that at a surface- 
treating time of 8 min., the contact resistance was prac- 
tically unaffected by leaving the foreign material on the 
specimens during heat treatment. At treating times of 
4 and 16 min. the contact resistance was considerably 
higher than if the specimens had been clean during their 
heat treatment. It looks as though the effect of the 
foreign material was to narrow the range in treating 
time over which low values of contact resistance could 
be obtained. In other words, the surface treatment of 
the metal is made more critical with respect to treating 
time. While the effect did not prove to be as serious as 
anticipated, the results indicate that it is advisable to re- 
move all traces of forming compounds and lubricants 
from the surface of Alclad 24S-T sheet before heat treat- 
ment. 


Effect of Residual Alkaline Cleaning Compounds on Sur- 
face Prior to Heat Treatment 


A silicate inhibitor is employed in most alkaline solu- 
tions for cleaning aluminum alloys in order to prevent at- 
tack upon the metal. There has been a belief that, after 
Alclad 24S-T is cleaned in such a solution, the surface of 
the metal may bear a residual film of silicate which is 
sometimes difficult to remove by rinsing. Evidence of 
this has been observed in connection with studies of the 
effect of hot water on the surface condition of Alclad 
24S-T. This observation is discussed later in the re- 
port. For the present purpose, an experiment was de- 
signed to determine the effects of an inadequate rinse 
following the alkaline cleaning operation. Unusually 
severe conditions were chosen for this experiment. It 
was assumed that, in the extreme case, Alclad 24S-T 
sheet might be allowed to dry before being rinsed. 
Therefore, specimens were cleaned in an alkaline solu- 
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tion, allowed to dry for 1 hr., quick rinsed in water, heat 
treated in an air furnace, surface treated in H»SiF,, and 
then subjected to contact resistance measurements. A 
number of experimental cleaning solutions were investi- 
gated, as well as a number of proprietary solutions which 
were believed to contain silicate inhibitors. The results 
are shown in Table 2. 

It was impossible to obtain a really low value of con- 
tact resistance by surface treating specimens which had 
been heat treated while bearing residual cleaning com- 
pounds on their surfaces. The values of contact resist- 
ance for an 8-min. surface treatment fell within a range 
of from 133 to >1100 microhms. Furthermore, at a 
surface treating time of 16 mins. the values of contact 
resistance fell within a range from 77 to > 701 microhms, 
indicating that it was impossible to obtain a really low 
value of contact resistance with reasonable treating 
times. It is doubtful if stock under these conditions 
could have been spot welded with complete satisfaction. 
The two experimental cleaning solutions gave the worst 
results. All of the proprietary solutions gave about the 
same performance. It is concluded that Alclad 24S-T 
sheet should always be thoroughly rinsed immediately 
after cleaning in a hot alkaline solution containing a sili- 
cate inhibitor. The material must never be allowed to 
dry before the rinsing is started. The latter is particu- 
larly important when the material is to be heat treated 
before it is to be prepared for spot welding. 


Effects of Heat Treatment 


For some time British investigators have reported 
lower values of contact resistance for untreated Alclad 
D.T.D. 390 sheet than have usually been obtained in this 
country for untreated Alclad 24S-T sheet. These two 
materials are generally considered to be comparable. 
The methods of measuring contact resistance are similar 
with the exception of the electrode contour. The dif- 
fereiice in electrode contour is not believed to be sufficient 
to cause the discrepancy in results. Upon investigating, 
it was found that all British sheet is heat treated in 
molten nitrate and quenched in water. Furthermore, it 
was learned that the British material commonly exhibits 
a comparatively low contact resistance immediately 
after heat treatment. Following the heat treatment, 
British sheet is immediately coated with a film of lanolin 
with or without resin. This tends to preserve the low 
value of contact resistance until the sheet is degreased. 
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Table 3—Data from Quench-Treat Experiments 


QUENCH > 


MEASURE 
CONTACT 
RESISTANCE 


VARIOUS 
MEDI UMS. 
VARIABLE TIME. 


Contact Resistance, Microhms 
Time in Quench, Min. 


. Stock Heat Treatment Quench Bath 1 2 4 6 8 12 16 
(1) 99.7% Al, 0.020 in. Air furnace 3% HeSiFs >1100 >1100 >1100 514 26 2 4 
(2) Alclad 24S-T, 0.020 in. Air furnace 3% HeSiFs >1100 >1100 56 36 60 278 >954 
(3) Alclad 24S-T, 0.064 in. Air furnace 3% H.SiFs 17 7 10 24 49 659 120 
(4) Alclad 24S-T, 0.020 in. Air furnace 3% HeSiFs, 0.1% K2Cr20, 64 19 aor ae 56 


It should be pointed out at this point that the occurrence 
of low contact resistance is somewhat inconsistent and it 


cannot be relied upon in production. The British still 
find it necessary to surface treat their sheet in prepara- 
tion for spot welding. Nevertheless, the British obser- 
vations are very interesting, particularly in view of the 
fact that similar observations have never been made in 
this country within the knowledge of the present in- 
vestigators. 

A number of experiments were conducted in the present 
investigation in an attempt to confirm the above British 
experience. It was thought that a method of heat 
treating Alclad 24S-T, which would leave the sheet with 
a low contact resistance, might be advantageous if it 
could be developed to the point of reliability. The first 
experiment was based on the idea that characteristics 
of the quenching water might determine the contact re- 
sistance. Therefore, Alclad 24S-T (0.020-in.) specimens 
were heat treated for 20 mins. in NaNO; at 920° F. and 
then quenched in acid waters, neutral water and alkaline 
waters. The work was only exploratory in character 
but no values of contact resistance less than 1100 mi- 
crohms were obtained. The next experiment was based 
on the idea that the condition of the nitrate bath might 
determine the magnitude of the resultant contact resist- 
ance. The condition of the nitrate bath was deter- 
mined by measuring the pH of a 1.0% aqueous solution 
of the salt at room temperature. The condition of the 
nitrate bath was controlled by the addition of either 
K»CrsO; or NagO. Specimens were heat treated in baths 
exhibiting several values of pH between 6.5 and 10.2 
and then quenched in tap water. No 


effect. However, the results are not conclusive because 
there is no evidence that there was any difference with 
respect to moisture content between the furnace atmos- 
pheres in the two tests. 

A number of experiments were conducted to determine 
the general effect of heat treatment on the surface- 
treating characteristics of Alclad 24S-T sheet. However, 
a number of discrepancies appeared in the results and re- 
liable conclusions cannot be drawn at this time. At one 
time it was thought that repeating the heat treatment of 
Alclad 24S-T would always speed up the surface-treating 
reaction, thus shifting the treating characteristic to the 
left. In the present investigation the opposite effect was 
observed as shown by the results for tests 4, 5 and 6 in 
Table 1. 


Quench-Treat Experiments 


As mentioned above, it was believed that the nature 
of the quenching medium might be the deciding factor 
in determining the contact resistance of Alclad 24S-T 
sheet immediately after solution heat treatment. This 
idea led to a number of experiments in which a cold surface 
treating solution was substituted for the usual water- 
quenching bath. Some results are shown in Table 3. In 
the first test 99.7% pure aluminum specimens were 
treated in an air furnace at 920° F. for 20 min. and 
then quenched into a 3% solution of H,SiF, at room 
temperature. The specimens were left in this solution 
for different lengths of time, after which they were rinsed, 
dried and subjected to contact resistance measurements. 
Table 3 shows that it took a relatively long quench- 


values of contact resistance less than 
1100 microhms have been observed. 


Table 4—Surface Treatment of Alclad 24S-T Sheet After Immersion in Boiling 


Here, again, the work has only been Water. Effect on Surface-Treating Characteristic 

exploratory in nature. At the present > 

time the British observations remain 

unexplained. SURPACE 

In heat treating bare 24S-T sheet _.) 1) TREATMENT — 

‘in an air furnace a moisture-getting ACETONE RINSE RESISTANCE 
compound, such as NaBF, or Alorco, DRY 

is usually introduced into the furnace. SOAK 

An experiment was conducted to de- — barr 

termine the effect of using one of 10 MIN. TIME 

these compounds while heat treating 

Alclad 24S-T sheet. The results, 
with respect to the subsequent sur- soaked in urface Treating Time, Min. 
face treating of the stock Water $2 
sheet, are shown in Table 1. tests 4 and Alclad 24S-T, 0.020 in. N.4.T. No 907 100 23 9 

Alclad 24S-T, 0.020 in., N.H.T. Yes 1100 1100 1100 = 65657 
5. Under the conditions of these  Ajclad 24S-T, 0.020 in., A.H.T. Yes 1100 1100 928 668 506 


tests, the Alorco had no apparent 
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treat time to bring the contact resistance down to 
a low value. In the second experiment the same 
procedure was followed with Alclad 24S-T, 0.020-in. 
specimens. The results were not too promising since 
the lowest value of contact resistance was of the order of 
35 microhms. In the third experiment the same proce- 
dure was repeated only 0.064-in., Alclad 24S-T, speci- 
mens were used. The results were more encouraging 
since the contact resistance was reduced to a value of 17 
microhms in a quench-treat time of only 1 min. At 2 
and 4 min. the values of contact resistance were 7 and 10 
microhms, respectively. The reasons for the discrep- 
ancies among the results of the first three tests are not 
understood. Other experiments had indicated that 
under some circumstances the H,SiF, solution can be im- 
proved by the addition of a small amount of K.Cr.Ov. 
Therefore, the quench-treat bath was so modified for 
the fourth experiment in which the specimens were of 
0.020-in., Alclad 24S-T stock. Again the results were 
encouraging. The contact resistance was reduced to 64 
microhms at a quench-treat time of 1 min. At 4 mins. 
the contact resistance was down to 7 microhms. It 
should be understood that these results are not conclu- 
sive. The results are interesting, however, from an ex- 
perimental point of view. The effect of quenching in a 
surface-treating solution on the corrosion resistance and 
other properties of the metal would have to be investi- 
gated before such a procedure could be adopted in prac- 
tice. Combining the quenching and surface-treating 
operations may’ prove to be useful in preserving a sur- 
face condition suitable for welding, if it becomes feasible 
to surface treat the sheet at the mills before shipment. 


Effect of Hot Water Rinse Prior to Surface Treatment 


The immersion of Alclad 24S-T in hot water is a po- 
tential source of trouble, if the material is to be spot 
welded. Previous investigations have shown that a 
final rinse in hot water after surface treatment may 
raise the contact resistance enough to make the metal 
unsuitable for spot welding. The primary objective 
of the present experiments was to determine how im- 
mersion of untreated Alclad 24S-T sheet in hot water 
may affect its subsequent surface treatment. 


In the first experiment specimens were cleaned in ace- 
tone, soaked in boiling water for 10 min., surface treated 
in H.SiF; for various times, and then subjected to contact 
resistance measurements, as indicated in Table 4. The 
contact resistance of these specimens could not be re- 
duced below 550 microhms, even with a treating time of 
16min. At this treating time the contact resistance was 
reduced to 9 microhms when the immersion in boiling 
water was omitted. Electron diffraction studies show 
that in the boiling water, a film of Boehmite or a-Al,0,-- 
H,0 forms on the surface of the metal. It is evident, 
therefore, that it may sometimes be difficult, if not im- 
possible, to surface treat Alclad 24S-T sheet on which 
this film has been formed, as a result of immersion in 
hot water. 

In the next experiment the effect of immersion time 
in the boiling water was investigated. The results are 
shown in Table 5, item 1. The contact resistance in- 
creased from 60 to over 600 microhms between immersion 
times of '/, and 1 min. The effect of water temperature 
with a constant immersion time of 2 min. was next in- 
vestigated, using air heat treated sheet. The results 
are also shown in Table 5, item 2. In this case, a pro- 
nounced increase in contact resistance occurred at a 
temperature of about 160° F. 

The above observations led to the question of the pos- 
sibility of the formation of Boehmite on the surface of the 
metal in the hot rinse which usually follows precleaning 
in a hot alkaline solution. Therefore, in the next ex- 
periment specimens were cleaned in a hot alkaline solu- 
tion containing a silicate inhibitor, given a quick rinse, 
soaked in boiling water, surface treated in H,SiFs and 
then subjected to contact resistance measurements. 
The results are also shown in Table 5, item 3. The con- 
tact resistance never rose above 35 microhms, even at an 
immersion time of 16 min. in the boiling water. This 
indicates that the specimens may have received some 
protection against the action of the boiling water, as a 
result of their previous immersion in the hot alkaline 
solution containing a silicate inhibitor. Some investi- 
gators believe that such a solution always leaves residual 
silicate on the surface of the metal. The above experi- 
ence tends to support this belief. It is very unlikely 


Table 5—Surface Treatment of Alclad 24S-T Sheet After Immersion in Hot Water. Effect of Time, Temperature and 


Residual Silicate 
CLEAN 
— 
ACETONE 
SURFACE 
TREATMENT MEASURE 
CONTACT 
RINSE RESISTANCE 
DRY 
CLEAN 
QUI SOAK 
ALKALINE 
WITH WATER HOT WATER 
SILICATE 
VARIABLE TIME 


AND TEMPERATURE 
Specimens: Alclad 24S-T, 0.020 In. 


Soaking Time, Temperature of 
Method of Cleaning Min. Hot Water, ° F. 
(1) Acetone Variable 212 
(3) Alkaline Variable 212 
Acetone 8 Variable 


Treating Time, 


Contact Resistance, Microhms 
Soaking Time, Min. 


Min. 0 'S/, 1 2 4 8- 16 
2 8 59 >604 >570 >1100 >1100 .. 
2 7 9 18 19 10 33 «13 

Temperature of Water, ° F. 
125 138 143 158 167 178 196 
2 9 7 10 10 >694 >396 >1100 
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Table 6—Data from Experiments with Final Rinsing Operation 


ACETONE H,SiF, 


MEASURE 


VARIABLE SOAKING TIME CONTACT 
RESISTANCE 


Stock Soaking Bath 


(1) Alclad 24S-T, 0.020 in. Ord. dist. HO, pH = 6.07 
(2) Alclad 24S-T, 0.020 in. 
(3) Alclad 24S-T, 0.020 in. 
(4) Alclad 24S-T, 0.020 in. 
(5) Alclad 24S-T, 0.020 in. 
(6) 99.7% Al, 0.020 in. 


Water displacing solvent 
Absolute ethyl alcohol 
Ord. dist. H,O 


* Water especially distilled for experiment. 
+ Ordinary distilled water was boiled to expel CO». 


that Boehmite can ever form on the surface of the metal 
in the hot alkaline solution. This was checked by a 
brief experiment in which specimens were immersed in 
the hot alkaline solution for 10 min. at 212° F. The 
specimens were subsequently surface treated in H,SiFs 
with no evidence of any difficulty. 

Electron diffraction studies also show that it is a film 
of Boehmite that forms on the-surface of treated speci- 
mens when they are immersed in boiling water. A few 
brief experiments indicate that it is sometimes difficult, 
if not impossible, to retreat such specimens to make them 
suitable for spot welding. The obvious conclusion that 
may be drawn from all these observations is that im- 
mersion of Alclad 24S-T sheet in hot water is definitely a 
potential source of trouble, if the material is to be spot 
welded. 


Effect of Residual Alkaline Cleaning Compounds on Sur- 
face Prior to Surface Treatment. 


It has already been observed that Alclad 24S-T sheet 
should always be thoroughly rinsed immediately after 
cleaning in a hot alkaline solution containing a silicate 
inhibitor. The previous discussion of this subject dealt 
with experiments to determine the effect of residual clean- 
ing compounds prior to heat treatment when surface 
treatment was to follow. The present discussion per- 
tains to experiments to determine the effect of residual 
cleaning compounds prior to surface treatment with the 
heat treatment omitted. Both types of experiment are 
illustrated by the flow diagram which accompanies 
Table 2. 

In the present case, specimens were cleaned in an al- 
kaline solution, allowed to dry for 1 hr., quick rinsed in 
water, surface treated in H,SiFs and then subjected to 
contact resistance measurements. These unusually 
severe conditions were chosen because it was assumed 
that, in the extreme case, the metal might be allowed to 
dry before being rinsed after precleaning. The results 
are shown in Table 2. If the specimens had been thor- 
oughly rinsed immediately after cleaning, a contact re- 
sistance of about 6 microhms would have been expected 
after a surface treating time of 8 min. Actually, the 
values of contact resistance at this treating time fell 
within a range of from 10 to 58 microhms when the heat 
treatment was omitted. This does not represent too 


Spec. dist. H.O, pH = 6.90* 
Spec. dist. pH = 6.92t 


SURFACE PREPARATION OF ALUMINUM FOR SPOT WELDING 


Contact Resistance, Microhms 
Soaking Time, Min. 
2 4 


0 I/s 1 8 16 32 

6 54 178 232 557 210 570 1100 
3 5 6 17 18 27 32 27 
4 6 8 14 22 25 29 33 
6 a 11 ages 12 14 13 
3 a 4 6 ay 10 13 15 
1 2 2 3 5 11 18 15 


serious a condition and the specimens could probably 
have been spot welded with fairly satisfactory results. 
However, the fact cannot be escaped that, if the best 
results are desired, Alclad 24S-T sheet should be thor- 
oroughly rinsed immediately after precleaning in a hot 
alkaline solution. 


Final Rinsing Operation 


The previous report from this laboratory on the final 
rinsing operation showed that a reaction sometimes oc- 
curs between the surface of the metal and the final rinse 
water.‘ When the reaction occurs, the contact resist- 
ance increases rapidly with increasing rinse time and 
water temperature. It was pointed out that the reac- 
tion had been observed even in ordinary distilled water 
that was slightly acid due to absorption of carbon dioxide 
from the atmosphere. This is illustrated by the data for 
the first test in Table 6. Data are also presented in 
Table 6 to show that the reaction does not occur in dis- 
tilled water when precautions are taken to avoid the ab- 
sorption of carbon dioxide by the water. This is shown 
by the second and third tests in which the water was 
nearly neutral. In the fourth test a proprietary water- 
displacing solvent was substituted for the test water. 
The purpose was to determine how the contact resist- 
ance would be affected, if any medium other than water 
were to be used for the final rinse. Absolute ethyl al- 
cohol was substituted for the test water in the fifth test 
with the same purpose in view. There was no significant 
change in contact resistance in either of the latter tests. 
All of the above work was done with Alclad 24S-T, 
0.020-in. specimens. Commercially pure aluminum was 
used in the sixth test in which ordinary distilled water 
was used for the final rinse. In this water the contact 
resistance of Alclad 24S-T specimens rose rapidly, as 
the soaking time was increased. While the contact re- 
sistance of the 99.7% pure aluminum rose slightly with 
increasing time in the final rinse, the change was not 
comparable with that experienced by the Alclad ma- 
terial. This fact suggests that the reaction between the 
rinse water and the surface of the metal is aggravated by 
some factor associated with the surface condition of 
Alclad 248S-T. 

There was some evidence that precleaning in a hot 
alkaline solution containing a silicate inhibitor leaves the 
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Table 7—Experiment to Determine if Residual Silicate from Precleaning Operation Provides Protection Against Action of 
Final Rinse Water 


CLEAN 
ALKALINE RINSE T 
> SOLUTION 
WITH _ COLD WATER 
SILICATE 
Specimens: Alclad 24S-T, 0.020 In. 
Soaking time, min. 0 1/, 
Contact resistance, microhms 5 213 


> 
QUICK MEASURE 
RINSE = >} CONTACT 
COLD WATER RESISTANCE 
& SOAK IN 
TEST WATER* [— 
*500 ppm HCO, 
500 ppm Cl~ 
VARIABLE 
SOAKING TIME 
1 2 4 8 16 
161 404 >1100 >1100 >1100 


surface of Alclad 24S-T sheet in such a condition that it 
is protected against certain changes in hot rinse water 
following the precleaning. The next experiment was 
devised to determine if this effect could persist all the 
way through to the final rinsing operation. In this ex- 
periment specimens were cleaned in a hot alkaline solu- 
tion containing silicate, quick rinsed in cold water, sur- 
face treated in H2SiFs, quick rinsed, and then soaked in 
bad rinse water containing HCO;~ and Cl~- ions. The 
results are shown in Table 7. The contact resistance 
rose rapidly with increasing rinse time. There was no 
evidence that there was any protective effect which could 
be attributed to the method of precleaning. 


Stability of Surface Films 


In previous work with Alclad 24S-T, there have been 
a number of indications that the surface conditions 
which are associated with low contact resistance and good 
weldability are reasonably stable. This laboratory pub- 
lished some limited information in 1942 to show that, if 
the surface preparation were such as to produce low con- 
tact resistance, the contact resistance did not increase 
greatly with subsequent prolonged exposure to clean 


laborato .wu.? It was also observed that specimens, so 
treated a... exposed, could be satisfactorily welded after 
a lapse of quite a few days after their surface treatment. 

In the present work a number of tests were made to de- 
termine the effect of continued exposure of Alclad 24S-T 
after its surface treatment in H,SiFs. The results in 
terms of contact resistance are shown in Table 8. Tests 
1, 2, 3 and 4 were originally intended to show the effect 
of final rinse waters on the holding characteristic of the 
specimens. The original plan was to produce specimens 
exhibiting different values of initial contact resistance by 
varying the final rinse in tests 2 and 3. These tests did 
not work out as expected. However, the results are 
useful in the present discussion. It should be noted that 
there was no significant change in contact resistance in 
any test up to a holding time of 100 hr. This indication 
of surface stability was confirmed by electron diffraction 
studies which showed no changes in the surface film up 
to 28 days after surface treatment. Test 5 was con- 
ducted with 99.7% aluminum sheet because the electron 
diffraction work showed that the surface film on this 
material was quite different from that on the Alclad 
24S-T. The electron diffraction work will be discussed 
in more detail later in the report. 

These indications of surface stability led to several ex- 


Table 8—Effect of Exposure of Surface Treated Alclad 24S-T Sheet to Air 


>— 
SURFACE QUICK MEASURE 
CLEAN TREATMENT RINSE — HOLD CONTACT 
H2SiF¢ RESISTANCE 
SOAK VAxI ABLE 
TEST WATER HOLDING TIMP 
Contact Resistance, Microhms 
Holding Time, Hr. 

Stock Soaking Bath 1 2 5 10 20 50 100 

(1) Alclad 24S-T, 0.020 in. None 3 3 3 3 3 4 3 

(2) Alclad 24S-T, 0.020 in. 1/, min., dist. H»O 6 7 10 9 6 8 10 

(3) Alclad 24S-T, 0.020 in. 4 min., dist. H,O 34 29 22 39 35 51 57 

(4) Alclad 24S-T, 0.020 in. 16 min., spec. H,O* 7 7 7 8 6 9 9 

(5) 99.7% Al, 9.020 in. None 3 3 4 4 5 5 5 


* 500 ppm. HCO,-, 500 ppm. Cl-, H:;SOQ,, pH = 3.80. 
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Table 9—Effect of Different Methods of Cleaning on Contact Resistance of 


Surface-Treated Specimens 


are of no great significance but they 
are reported as a matter of general 
interest. 

The next test of surface stability 


was made even more severe. This 
experiment was designed to simulate 


MEASURE the conditions under which Alclad 
REST STANCE 24S-T sheet might be surface treated 


at the mill, oiled, shipped to the 
customer, stored and then simply de- 


greased just prior to spot welding. 


SURFACE 
CLEAN aa TREATMENT 
7 IN ACETONE H2SiF, 
RINSE 
~ CLEAN 
VARIOUS 
METHOTS 


Specimens: Alclad 24S-T, 0.020 In. 
Method of Cleaning 


None 7 
Hot alkaline solution* 214 
Trichloroethylene vapor 8 
Acetone 10 
Carbon tetrachloride 24 


* 1.5% NasCO,, 1.5% NasPO,, 1.5% NaSiO,; (40° Bé), 5 min. at 180° F. 


Contact Resistance, Microhms 


The details and results of the experi- 
ment are shown in Table 11. The 
oil, which was applied to some of the 
specimens, was a mixture of 90% 
mineral oil and 10% fish oil. This 
is the same oil that is sometimes ap- 
plied to the surface of Alclad 24S-T 


at the mills before shipment. Two 
treating solutions were employed, 
one being a straight solution of 


H.SiF, and the other being a similar 
solution to which 0.1% KeCr,O; had 


been added. Three methods of 


periments to determine how much abuse the treated sur- 
face of Alclad 24S-T could take without too great an in- 
crease in contact resistance. In the first experiment the 
abuse consisted of subjecting treated specimens to dif- 
ferent cleaning operations before the contact resistance 
measurements were made. The results are shown in 
Table 9. The average contact resistance immediately 
after surface treatment was 7 microhms. Immersion 
of specimens in an alkaline cleaning solution for 5 mins. 
at 180° F. raised the contact resistance to 214 microhms. 
Neither trichloroethylene vapor nor an acetone wash 
had any appreciable effect on the contact resistance. A 
carbon tetrachloride wash raised the average contact 
resistance from 7 to 24 microhms. 

In the next experiment specimens were surface treated 
in H,SiFs, put through a hot alkaline cleaning solution, 
retreated in H,SiFs and then subjected to contact resist- 
ance measurements as indicated in Table 10. The ob- 
ject was to determine if the contact resistance could again 
be reduced to a low value after it had once been raised 
by the alkaline solution. The results show that the 
contact resistance was reduced to a value of about 25 
microhms in less than '/, min. of treating time. About 
the same average value of contact resistance was ob- 
tained at all treating times up to 8 min. These results 


degreasing were employed. These 
included a hot alkaline solution, trichloroethylene vapor 
and an acetone wash. Some specimens were not oiled 
and these did not require degreasing at the end of the 
holding period. The average values of contact resist- 
ance for all types of specimens remained low even after 
6 weeks’ exposure to the atmosphere of the laboratory. 
However, there was a pronounced increase in contact 
resistance between 6 and 14 weeks. Throughout the 
experiment lower values of contact resistance were ob- 
tained from specimens’ which had been treated in the 
H,SiF,-K,Cr,0;7 solution than from the corresponding 
specimens which had been treated in the straight H»SiF, 
solution. This is taken to mean that the addition of 
K,Cr,0; to the treating solution was responsible for pro- 
ducing a more stable surface condition. The implica- 
tions of this experiment are far reaching. The results 
are so encouraging after such a limited amount of experi- 
mental work that one is led to conclude that much more 
might be accomplished by further extensive research 
and development in this field. 


Electron Diffraction Studies 


This is a summary of the electron diffraction studies 


Table 10—Surface Treatment of Specimens Which Had analy Been Surface Treated and Then Cleaned in Alkaline 
ution 


SURFACE 
TREATMENT 


ALKALINE 
CLEAN* 


MEASURE 
CONTACT 
RESI STANCE 


Specimens: Alclad 24S-T, 0.020 In. 5 min. at 


Treating time, min. 


0 
Contact resistance, microhms 214 


Wa 
115% 


(40° Bd) 


SURFACE PREPARATION OF ALUMINUM FOR SPOT WELDING 


H2SiF, 
RINSE 
SURFACE 
TREATMENT 
HeSiFs . 
RINSE 
|| 
VARI ABLE 
TREATING TIME 
22 28 3) 26 23 23 26 


which were made in conjunction with this work. The 
studies were conducted in the laboratories of the Depart- 
ment of Physics by Dr. K. H. Moore, who expects to 
publish a more detailed account of the work at a later 
date. The electron diffraction technique is useful for 
determining the presence and identification of surface 
films on metals. There are several limitations, however, 
which must be kept in mind. For example, it is difficult, 
if not impossible, to detect extremely thin or extremely 
flat surface films. The oxide film which forms naturally 
in air at room teniperature on the surface of freshly ex- 
posed aluminum is considerably less than 100 Angstroms 
in thickness. This film cannot be detected by electron 
diffration. Therefore, when the electron diffraction 
pattern indicates that bare aluminum was exposed in 
this work, it must be assumed that there may have been 
a very thin film of natural oxide on the surface of the 
metal. Electron diffraction is also limited with respect to 
depth of penetration. When two or more films are super- 
imposed on the metal, it may only be possible to deter- 
mine the presence and. identification of the outer film. 


A summary of the electron diffraction work is presented 
in Table 12. 


Alclad 24S-T 


A diffraction pattern, consisting of broad diffuse halos 
on a background of general scattering, was obtained from 
Alclad 248-T specimens which were untreated except 
for having been cleaned in acetone. This is indicative of 
a short range order effect in the surface film. Some in- 
vestigators refer to this type of pattern as being indica- 
tive of an “‘amorphous’”’ surface condition, but the pres- 
ent investigators prefer the former interpretation. The 
surface condition represented by this pattern seems to 
be associated with very high contact resistance and very 
poor weldability. A pattern, consisting of diffuse rings, 
was obtained from Alclad 24S-T specimens which had 
been treated for short periods of time in H,SiFs. These 
rings appeared simultaneously as the contact resistance 
was decreasing and as the weldability was improving. 
As soon as the treating time was increased to a point 
where very low values of contact resistance and good 


weldability were obtained, a sharp pattern of rings ap. 
peared. This pattern, which became very intense 4s 
the treating time was increased, was characteristic of 4 
spinel type structure in which the metal atoms have q 
spacing about twice that in metallic aluminum. The 
pattern suggested the possible presence of any or all of 
three compounds having a spinel type structures: 7Al1,(0,, 
MgAlO, and CuAl,O,. The relative intensities of the 
rings and the relative acid solubilities of the possible 
spinel types were next considered. The results have led 
the present investigators to believe that the substance 
producing the above diffraction pattern is closer in com- 
position to the acid-resisting spinels, MgAl,O, and Cu- 
Al,O,; than to y-Al.O;. Using different methods of sur- 
face treatment, other investigators have obtained a 
similar diffraction pattern which they have interpreted as 
indicating the presence of y-Al,O; on the surface of the 
metal.® 

There is no reason to believe that the occurrence of 
spinel is continuous over the surface of the metal. Spinel, 
of either acid-resisting type, may form in extremely 
small patches on the surface of the sheet during heat 
treatment as a result of the diffusion of magnesium and 
copper through the cladding. Acid-soluble aluminum 
oxide is undoubtedly exposed between the patches of 
spinel. It is not believed that the acid-resisting spinels 
are attacked by any of the common surface-treating 
solutions. Furthermore, the spinels are not believed to 
be good conductors of electricity. Therefore, the pres- 
ence of varying amounts of acid-resisting spinel may ex- 
plain why it is more difficult to surface treat some lots 
of thin Alclad 24S-T sheet than other lots. In addition, 
the rise in contact resistance on over-treatment of some 
sheet can be explained. At the optimum treating time 
a low value of contact resistance is obtained due to alumi- 
num-to-aluminum contact at the areas between patches 
of spinel. As the treating time is increased, aluminum is 
dissolved away between the patches of spinel, thus leav- 
ing spinel as the primary contacting medium. This 
would result in an increase in contact resistance. 

It should be understood that the above interpretation 
only represents the current belief of the present investi- 


Table 11—Effect of Oil, Prolonged 


Exposure to Air, and Cleaning Operations on Contact Resistance of Surface-Treated 


Alclad 24S-T Sheet, 0.020 In. in Thic 


SURFACE 
— S| TREATMEN! 


HpSiFg 


= 
ACETONE SURFACE 
TREATMENT 
+ SURFACE 


HOLD 


MEASURE 
IN pry 
contact 
ATMOSPHERE CLEAN IN 
ALKALINE 
SOLUTION, 
VARIABLE AGBTONE, OR 
TREATING TIME VAPOR 


Contact Resistance, Microhms 
Holding Time 


Surface Treating Solution Oil Applied to Surface Final Cleaning Method 0 Ilday 1week 2weeks 6 weeks 14 weeks 


H,SiF ¢ No None 3 4 20 20 11 45 
H.SiFs . Yes Alkaline 84 78 217 74 162 214 
H.SiF « Yes Vapor* 4 7 48 31 33 178 
H,SiFs Yes Acetone 7 7 34 66 33 307 
H.SiFs +° KeCr207 No None 3 4 3 6 13 , 50 
H.SiFs + KeCr207 Ves Alkaline 30 22 19 20 38 167 
H.SiFs + K2Cr20,7 Ves Vapor* 3 3 5 7 13 16 
H.SiFs + K2Cr,0; Yes Acetone 8 6 13 15 13 42 
* Trichloroethylene vapor. 
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Treatment 


As received except for acetone 
wash 

<4 min. in 3% H,SiFs at room 
temperature 

>4 min. in 3% H,SiFs at room 
temperature 


10 min. in boiling water either 
before or after treatment in 
H,SiFs 


As received except for acetone 
wash. 

<4 min. in 3% H,SiFs at room 
temperature 

>4 min. in 3% H,SiFs at room 
temperature 

10 min. in boiling water after 
treatment in H.SiFs 


As received except for acetone 
wash 

<2 min. in 2% HNO; at 180° 

2to8 min. in 2% HNO, at 180° 
F 


>8 min. in 2% HNO, at 180° 
F. 


Table 12—Summary of Electron Diffraction Studies 


———Surface Characteristics 


- Electron Diffraction Contact 
Pattern Structure Resistance Weldability Stability 
(A) Alclad 24S-T, 0.020 In. 
General scattering. Faint ‘‘Amorphous’”’ Very high Very poor Very good 
halos 
Diffuse rings Short order. Maybe Al Decreasing Improving  ......- 
(f.c.c. 
Sharp rings Spineltype. Possibly y-Al,O;, Very low Very good Very good 
with considerable Mg or Cu 
substitution 
Sharp rings Boehmite (a-Al,O;-H,0) Very high Very poor Very_good 
(B) 99.7% Pure Aluminum, 0.020 In. 
General scattering. Faint ‘Amorphous’ Very high Very poor Very good 
halos 
Sharp rings appearing Al (f.c.c.) 
Sharp rings. Some orien- All (f.c.c.) Good 
tation : 
Sharp rings Apparently Al (f.c.c.) plus Veryhigh ........ 
Boehmite 
(C) Bare 24S-T, 0.020 In. 
hee Very high Very poor Very good 
Sharp rings F.c.c. ao same as Al Decreasing Improving Poor 
Sharp rings 2 F.c.c. patterns. (a); same Very low Very good Poor 
. as Al. (ao)2 same as Cu 
Sharp rings F.c.c. ap sameas Cu. Trace Poer 


of original pattern 


gators. Other investigators have interpreted essentially 
the same electron diffraction pattern as indicating the 
presence of the gamma form of Al,O; on the surface of 
the sheet. The patterns of y-Al,O;, MgAlO, and Cu- 
AlO, are similar. Therefore, further research will be 
required to determine which interpretation is correct. 
The electron microscope should also prove useful in fu- 
ture work in this field. Regardless of how the electron 
diffraction pattern is interpreted, the surface condition 
which it frequently represents is usually characterized 
by low contact resistance, good weldability and good 
stability. 

The electron diffraction pattern obtained from Alclad 
24S-T, after immersion in boiling water, is definitely 
that of Boehmite or a-Al,O;-H,O. The same pattern 
is obtained regardless of whether the specimen is im- 
mersed in boiling water before or after surface treatment 
for spot welding. The surface condition represented by 
this pattern is associated with very high contact resist- 
ance and poor weldability. Once Boehmite has formed 
on the surface of Alclad 24S-T sheet, it may be difficult 
to chemically prepare the sheet for spot welding. Some 
facts on this subject are presented elsewhere in this re- 
port. 


99.7% Aluminum 


In the ‘“‘as-received’* condition, 99.7% pure aluminum 
specimens gave the same diffraction pattern as Alclad 
24S-T. A pattern of sharp rings began to appear at 
short treating times in H,SiFs, as the contact resistance 
was decreasing. This pattern was characteristic of 
aluminum. At longer treating times which gave a very 
low value of contact resistance, the diffraction pattern 
consisted of sharp rings with some evidence of orienta- 
tion. This pattern was also characteristic of aluminum, 
indicating that bare metal may have been exposed by 
the treating solution. This is one of the cases mentioned 
above, where it must be recognized that there may have 
been an extremely thin film of oxide on the surface of 
the metal. The surface condition represented by the 
above pattern is associated with an extremely low con- 


tact resistance. This may indicate that the oxide film, 
which naturally forms on freshly exposed aluminum 
in the ordinary laboratory atmosphere, does not greatly 
influence contact resistance. There was practically no 
increase in contact resistance during an exposure of 100 
hr. to the laboratory atmosphere, as shown in Table 8. 
It is interesting to note that at no time was there evi- 
dence of a spinel-type structure on the surface of the 
metal. The weldability of 99.7% aluminum was not 
investigated in this work. 


Bare 24S-T 


The hydrofluosilicic acid solution had never been satis- 
factory for the surface treatment of bare 24S-T. The 
best solution for the treatment of this material under 
laboratory conditions consisted of a 2% solution of 
HNO; used at 180° F. This solution was capable of 
producing a very low contact resistance and very good 
weldability. Therefore, this solution was used for treat- 
ing the bare 24S-T specimens for the electron diffraction 
work, 

At short treating times a diffraction pattern of sharp 
rings was obtained, as the contact resistance was de- 
creasing and the weldability improving. The pattern 
was indistinguishable from that for aluminum. At 
treating times between 2 and 8 min. two superimposed 
patterns were apparent. One was the original aluminum 
pattern, while the other was indistinguishable from that 
for copper. At treating times above 8 min. the copper 
pattern became predominant with only a trace of the 
original aluminum pattern. The contact resistance 
was very low at all treating times between 2 and 16 min. 
It is interesting to note that the stability of these sur- 
faces was not good. Further research on this subject is 
needed. 


Conclusions 


Most of the experiments in this investigation were ex- 
ploratory in character, due to the large number of vari- 
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ables involved. With due regard to this fact, the follow- 
ing tentative conclusions are drawn: 

1. All foreign material such as forming compounds or 
lubricants should be removed from the surface of Alclad 
24S-T sheet prior to heat treatment, if the surface of the 
metal is to be subsequently prepared for spot welding 
by chemical means. 

2. Alclad 24S-T sheet should be thoroughly rinsed 
immediately after cleaning in a hot alkaline solution con- 
taining a silicate inhibitor, if subsequent surface treat- 
ment is to be satisfactory. The metal must not be 
allowed to dry before rinsing. This is important, not 
only after precleaning prior to surface treatment, but 
also after cleaning prior to heat treatment when surface 
treatment is to follow. 

3. The immersion of Alclad 24S-T sheet in hot water 
is a potential source of trouble due to the formation of a 
film of a-AlO;-H,O or Boehmite on the surface of the 
metal. Once this film has formed, it may be difficult if 
not impossible to successfully prepare the surface of the 
metal for spot welding by chemical means. If this film 
forms after surface treatment the surface is rendered un- 
satisfactory for spot welding and the damage may be 
difkcult to overcome. 

4. The above film of a-Al,O;-H,O does not form on 
Alclad 24S-T sheet in a hot alkaline cleaning solution 
containing a silicate inhibitor or in hot rinse water after 
cleaning in such a solution. This indicates that in the 
latter case either enough cleaning solution is being car- 
ried over into the rinse bath to protect the metal, or the 
cleaning solution is leaving a protective film of silicate on 
the metal. 

5. The treatment of Alclad 24S-T sheet in H,SiF, 
produces a surface condition that is surprisingly stable. 
Sheet can be treated, oiled, held for six weeks, degreased 
and still exhibit a low contact resistance. The stability 
of the surface can be improved still further by the addi- 
tion of a small amount of KyCr.O; to the H,SiF, treating 
solution. 

6. When Alclad 245-T sheet has to be heat treated 
by the customer prior to spot welding, there is a pos- 
sibility of combining the quenching and surface-treating 
operations. 

7. The surface treatment of 99.7% pure aluminum 


in H,SiFs produces a surface which gives an electron 
diffraction pattern that is characteristic of metallic alum. 
num. The surface exhibits a very low contact resist- 
ance and is stable in this respect up to at least 100 hr. 
exposure to laboratory air. 

8. The surface treatment of Alclad 24S-T sheet jn 
H,SiFs produces a surface which gives an electron dif- 
fraction pattern that is characteristic of a spinel type 
structure. The substance on the surface of the meta] 
may possibly be y-Al,O; with considerable Mg or Cy 
substitution. The substance appears to be closer jn 
composition to the acid-resisting spinels, MgAl,O, and 
CuAl,O,, than to the yAl,O; which is acid soluble. 

9. If the above conclusion is correct, it is logical to 
assume that the acid-resisting spinel forms in minute 
patches on the surface of Alclad 24S-T during heat treat- 
ment. The intervening areas are probably covered with 
an acid-soluble aluminum oxide which is subject to at- 
tack by the H,SiFs. The presence of varying amounts of 
acid-resisting spinel may be a partial explanation of 
why some material is more difficult to surface treat than 
other material. 

10. The surface treatment of bare 24S-T in hot HNO, 
produces a surface which gives an electron diffraction 
pattern that is characteristic of metallic copper. The 
surface exhibits very low contact resistance and good 
weldability for a short time after treatment. However, 
contact resistance measurements indicate that the sur- 
face is unstable. 
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Discussion of the Paper, 
“The Straining of De- 
posited Weld Metal 
During Cooling’ 


By D. Rosenthalt 


HE results presented by Dr. DeGarmo serve a 
very useful purpose. They show that not only 
the loss of ductility of a weld in a completed 
welded joint is negligible, but also that this loss being less 
than 0.5% no harmful] effects due to strain aging may be 
expected. The author states that ‘‘the yield point stress 
which is measured by relaxation methods at the mid- 
length of such a weld does not indicate all of the strain to 


* By Dr. E. Paul DeGarmo, Taz Wetpvino Journat, 24 (11), Research 
Suppl., 561-s (November 1945). 
of Metallurgy, M.1.T. 
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which the weld metal has been subjected.’’ This state- 
ment needs perhaps a little bit of explanation. While it 
is true that the relaxation methods measure only the 
elastic part of the deformation, it is also true that the re- 
laxation should indicate a stress slightly higher than the 
yield point of the undeformed metal exactly for the same 
reason that did the tensile test performed by the author. 

Hence if the stress-strain diagram in simple tension of 
the undeformed weld metal were available, it should be 
possible to determine the amount of plastic flow to which 
the weld was subjected by locating the value of the re- 
laxed stress on the diagram. Practically, however, such 
a determination would be a great deal less reliable than 
that made by the author. 

In the first place, the residual stress would have to be 
corrected for the eventual degree of biaxiality or tri- 
axiality. For example, in a paper by this writer and Dr. 
Norton, published in the May issue of THe WELDING 
JOURNAL, for 1945, the following values of residual stress 
have been reported: 52,000 psi. longitudinal, 7000 psi. 
transverse and 4000 psi. in thickness direction for a weld 
metal whose yield point had been given as 42,000 psi. 


Continued on page 114-s 
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Introduction 


HE many research investigations on the weld- 

ability of steels which have been conducted during 

the past few years have emphasized that among 
the important factors to be considered is the ductility 
of the heat-affected parent metal adjacent to welds. 
The relation of ductility to hardenability and other weld- 
ability factors has been extensively studied (see refer- 
ences), and it has been suggested that some of the testing 
techniques used in recent investigations could be modified 
and combined, to provide a simpler and more direct 
measurement of the weldability of steels. With this in 
mind, and also with a view to obtaining new and different 
data on the welding characteristics of a series of carbon- 
manganese steels which has already been subjected to 
extensive testing, the Weldability Committee of the 
Welding Research Council authorized an investigation 
at Battelle Memorial Institute, under the direction of an 
Advisory Subcommittee, in which the notched-bead 
slow-bend test was to be used in conjunction with a modi- 
fication of the Lehigh* system for evaluating weldability. 

The details of the development of the notched-bead 
slow-bend test are given in the literature, particularly 
that presented by C. E. Jackson and his associates at the 
Naval Research Laboratory. For its application in the 
Battelle investigation, it was believed desirable to check 
some of the details of specimen design and testing pro- 
cedure prior to the start of the major work. The Weld- 
ability Committee, therefore, authorized a preliminary 
project in which tests would be made with a few selected 
steels to determine the procedures to be followed in the 
main investigation. This paper is a compilation of the 
three reports which have been made to the Weldability 
Committee on the pilot tests. 

The tests included studies of several notch shapes and 
depths, various aging treatments which “have been found 
to alter the properties of the bend specimen, and the 
effect of plate thickness on the behavior of the specimen 
during bending. The findings are summarized in the 

immediately following paragraphs. 


Summary of Results 


The results of the pilot researches have clarified the fac- 
tors affecting the notched-bead slow-bend test, and have 
led to a testing procedure which has been recommended 
for the main investigation. 


Effect of Notch Design 


It was found that either a square notch with rounded 
corners or a U-notch with a full root radius would func- 
tion satisfactorily in the bend test. 


* Welding Research Division, Battelle Memorial Institute. 


Preliminary Study of the Notched-Bead 
Slow-Bend Test for Weldability of Steels 


By C. B. Voldrich, R. W. Bennett and D. C. Martin* 


In the square-notch 


specimens there was a tendency for the bending fracture 
to localize at the corners, and it did not always develop or 
grow in the same way. With the U-notch, the character 
of fracture was more consistent, and therefore this type 
of notch was selected for the bulk of the specimens. 

The choice of square notch or U-notch depends also on 
the available machining facilities. An advantage of the 
square notch is that it can be made with a power hack 
saw, while the U-notch requires a milling cutter or a 
shaped grinding or cutting wheel. Consequently, the 
square notch would be the logical choice for routine shop 
tests. For more exacting laboratory work, however, 
the U-notch is preferable because of its more consistent 
performance. 

The depth to which the notch is cut does not seem to be 
a critical factor, although previous work has shown that 
it is essential not to cut entirely through the weld bead 
into the heat-affected zone. A notch whose root is al- 
ways the same depth below the original plate surface 
seems to be as effective as a notch whose root is located a 
specified distance above the fusion line, to adjust for the 
variation in weld-bead penetration obtained with differ- 
ent types of electrodes, welding currents and speeds. 
The constant-depth notch is preferable because it is 
easier to make. 


Effect of Plate Thickness 


When notched-bead bend tests are made on a group of 
steels with varying thicknesses, to obtain different cooling 
rates, the results of the bend test are influenced not only 
by the metallurgical properties of the heat-affected zones 
in the different thicknesses, but also by the section 
modulus of the bend specimen. To isolate the cooling- 
rate effect for weldability studies, it is believed necessary 
either to machine all specimens to the same thickness 
after the welds have been made on different thicknesses 
of plate, or to use a single thickness for welding, with the 
changes in cooling rate effected by artificial means (e.g., 
various preheats, or immersion in coolants during weld- 
ing). 

However, the influence of section modulus is a poten- 
tial rather than an established weakness of the test. It 
is believed that compensations can be made in analyses 
of the data for heat effects, by making comparison tests 
on unwelded specimens in the several thicknesses used 
for welded specimens. 


Effect of Aging 

The pilot tests have confirmed the observations of 
other investigators that the properties of the notched- 
bead bend specimen may change appreciably with time, 
and that it is desirable either to allow a sufficient length of 
time for a series of welded specimens to attain a reason- 
able stability, or to hasten the process by increasing the 
aging temperature. 

It was found that an aging period of a week at room 
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Fig. 1—Weld Specimen for Notched-Bead Slow-Bend Test 


temperature, or at 212° F. for 16 hr., would produce a 
substantial increase in the angle of bend, and a slight in- 
crease in the maximum load, of carbon-manganese steel 
specimens welded with E6010 electrodes. The reasons 
for this improvement have not been determined. 
Extending the aging treatment at 212° F. beyond 16 
hr. produced no further improvement in bending proper- 
ties. It is not known if long-time aging at room tem- 
perature, say for 30 to 60 days, would have any more 
effect than aging one week at room temperature; but it 
is believed that the significant increases in angle of bend 


and maximum load are realized within the first 7 or 8 . 


days, to represent reasonably stable conditions. To 
eliminate any doubt in this regard, the aging procedure 
should consist of or include a period at 212° F. 

The results indicate that the sequence of aging and 
machining (particularily the notch) is immaterial. 
Specimens which were machined before aging had no 
better properties than similar specimens which were 
machined just prior to the bend test. 


Other Effects 


The tests have also indicated, in a limited way, the 
effects of steel composition and electrode type on the 
bend angle and maximum load obtained with the notched- 
bead slow-bend specimen. These data are insufficient, 
however, for analysis. The factors of steel type, elec- 
trode type and welding conditions will be studied ex- 
tensively in the main investigation. 


Test Methods 


Steels 


The steels used in this investigation were '/,-in. 
and l-in. plates from Steels 2F, 3F and 4F,* of 


A detailed description of these steels is given in Reference 6. This refer- 
ence also gives the complete list of steels available for the main program. 
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the 


compositions given in the following table: 
Steel - Chemical Composition, % = 
Type “ Mn P S) Si Ni Cr Cu 
2F 0.30 0.76 0.035 0.040 0.20 0.13 0.04 0.22 
3F 0.35 0.89 0.019 0.030 0.21 0.10 Tr. 0.23 
4F 0.37 1.50 0.016 0.032 0.23 0.10 0.05 0.22 


Preparation of Plates for Welding 


Rectangular plates, 6 in. wide and 12 in. long (direction 
of rolling), were flame cut from plates taken from storage, 
and normalized as follows: 


Thickness, Soaking Soaking é 
Steel n Temp., ° F. Time, Min. . 
2F 1600 30 
1 1600 45 
3F 1575 30 
1 1575 45 
4F 1/, 1550 30 
1 1550 45 


Plates cooled on edge, in still air. 


E6010 Electrode 


E6012 Electrode 


Fig. 2—Cross Sections of Typical Weld Beads on '/,-In. Plates 
of Steel 4F Mag. 5X 
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slightly less than 6 in.; all were deposited in the same 
length of time, and at the same speed, as indicated above 
During welding, the specimens lay flat on the steel plate 
of a welding table, and immediately after welding were 
placed on edge on an insulating pad and allowed to cool 
in still air. Typical weld-bead sections are shown in 
Figs. 2 and 3. 


Preparation of Bend Specimens 


The preparation of the bend specimens from the 
welded plates varied with the prescribed methods of aging 
and machining, and are described in detail in the sections 

_ dealing with the several series of tests. 
The bend test was similar to that used in the recent 
work of Jackson and Luther.'' The specimens were bent 
as simple beams on a 9-in. span, with a concentrated load 
at the center of the span, and the notch on the tension 
side. The end supports were 3-in. diameter polished 


E6012 Electrode 


Fig. 3—Cross Sections of Typical Weld Beads on 1-In. Plates 
of Steel 4F. (Note underbead cracks) Mag. 5X 
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After normalizing, the plates were grit blasted to re- 
move surface scale, and were stored in a cabinet at low 
humidity to prevent rusting, until ready for welding. 


Welding Procedure 


All plates were welded as shown in Fig. 1, in accordance 
with the procedure prescribed by the advisory subcom- 
mittee. The welding conditions given below were used 
for all tests. 


Average 

Welding 
Current 
A.WSS. Diam., Polar- Arc 
Class Brand In. ity Amp. Volts 


E6010 ils 3/16 D.C, 26 


98) pos. 
E6012 ; 3/\6 D.C. 195 21 
i neg. 


ANGLE OF BEND. , DEGREES. 


* Welding speed, 6.0 in. per minute. 
t Arc time, 55.5 sec. Initial plate temperature, 70° F. 


30 
The welding was done in the flat position with an auto- DEFLECTION 0,iNCHES 
matic welding head. The length of the beads was Fig. 4—Relation Between Deflection and Angle of Bend © 


1946 WELDABILITY OF STEELS 79-s 


e 
E6010 Electrode 
beg 
“4 
80 : 
| 
€0 
50 
i 
Aver- Aver- 40 
age age 
i 
Input, trode | 
Watt Burn- 30 
See./ Off, 
41,000 8.1 
house 
SW 10 4 
. 
| 
— 


rolls (the bottom part of a standard tee-bend jig), and 
the center load was applied through a vertical bar with a 
l-in. end radius (see Fig. 4). 

The bending was done at room temperature in a 75,000- 
lb. Amsler testing machine equipped with a mechanical 
load-deflection recorder. The maximum load (which, as 
far as could be determined, was also the load at the first 
visible sign of cracking in or below the notch) was read 
on the dial of the testing machine, and this point was 
marked on the load-deflection curve. The angle of bend 
at maximum load was then computed from the deflection, 
using the graph shown in Fig. 4. 

During bending the notched region was closely ob- 
served, and in many cases it was possible to detect the 
occurrence of the initial cracks at the base of the notch, 
and their growth into the body of the specimens with con- 
tinued bending. 


Tests for Effect of Notch Type 
Series I 


In the first series of tests, bend specimens with square 
notches of various depths were used. The square-notch 
shape was not an arbitrary choice; it had been used 
il previous investigations, and has the advantage that it 
can be made with a power hack saw, using a wide blade 
with the edges of the teeth ground slightly to obtain a 
small corner radius. The principal object of the tests 
was to determine the possible influence of the variations 
in notch depth on the bend angle and maximum load. 
In addition, the influence of the electrodes, plate thick- 
ness and chemical composition of the steels was studied. 

In a subsequent series of tests, the chief purpose of 
which was to study the effect of aging, a U-notch was 
used. One group of specimens in this series was welded 
and aged similarly to the square-notch specimens of 
Series I, and the test results are therefore included in this 
section for comparison with the data on the square-notch 
specimens. 
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Fig. 5—Weld-Bead and Notch Details 
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Fig. 6—Typical Square-Notch Fractures in '4-In. and 1-In. 
Specimens of Steels 2F and 4F 


Preparation of Specimens 


Weld beads were deposited with E6010 and E6012 
electrodes on '/-in. and 1-in. plates of Steels 2F, 3F and 
4F, according to the procedure just described. The 
welded plates were stored at room temperature for 6 
days, then machined into bend specimens, and tested at 
an age of 7 days. 

Figure 5 shows the four types of notches tested. After 
the bend specimens had been sawed from the welded 
plates, the sides were etched with ammonium persulphate 
to bring out the fusion line. This was necessary for the 
location of the root of the S- and T-notches. The weld 
beads were then notched in a milling machine, using 
either a square cutter with the corners honed to a radius 
of 0.01 in. or a cutter with a '/,.-in. radius edge. A mill- 
ing cutter was used for making the square notches, rather 
than a power hack saw, because it was desired in these 
pilot tests to maintain better control over the depth of 
cut than is possible with a power saw. 

The R-notch was cut so that its base was */¢ in. below 
the surface of the plate, and therefore the thickness of 
the weld metal remaining between the root of the notch 
and the fusion line varied with the penetration of the 
weld bead. The “root thickness’’ of the bend specimens 
varied only with the initial plate thickness (i.e., root 
thickness equaled initial thickness minus */¢ in.). 

The S-notch was cut with its base approximately '/ 3. 
in. above the fusion line. The thickness of the weld 
metal below the notch was therefore fairly constant (de- 
pending on the accuracy with which the fusion line could 
be located, and on the machining tolerance). The root 
thickness of the bend specimen varied with the penetra- 
tion of the weld bead (1.e., root thickness equaled initial 
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plate thickness minus depth of penetration plus ! 4 in 

The T-notch was the same as the S-notch, but the bot 
tom of the plates was shaped to obtain a constant thick- 
ness, at the root of the notch, to eliminate the variation 
resulting from differences in depth of penetration of the 
weld bead. It was necessary to remove only 0.02 or 0.03 
in. from the bottom of the plates with shallow weld 
beads, to obtain uniform thickness for all specimens. 

The U-notch was the same as the R-notch as far as its 
location relative to the plate surface was concerned, but 
the root had a uniform radius of !/\ in., instead of a 0.01- 
in, radius in the corners. The U-notch was adopted be- 
cause earlier tests indicated that, with the square notches, 
fracture tended to occur in or travel toward a corner. In 
a square notch, the corners are closer to the fusion line 
than the rest of the notch base, and thus tend to localize 
the fracture. 

Even though a milling cutter rather than a saw was 
used, the specified notch depths were not always ob- 
tained in the early tests. For example, in the specimens 
with the R-notch, the depth was specified to be */¢ 
(0.047) in., but actually varied from 0.038 to 0.047 in. 
In most of the R specimens, however, the notch was only 
0.003 to 0.004 in. shallower than specified. Probably the 
main reasons why more uniform depth of cut was not 


Fig. 7—Typical U-Notch Fractures in '/»-In. and 1-In. Specimens 
of Steel 2F 


obtained was that the welded plates (particularly the 
'/g-in.) were slightly warped, and the sawed edges of the 
specimens were not perfectly parallel Chis made it 
difficult to grip the specimen in the milling machine and 
to locate it exactly with respect to the plane of travel ot 
the cutter. In later tests, a fixture was built which 
facilitated gripping and locating of the specimens, and a 
special dial gage was used to check the depth of cut 

In the specimens with S- and T-notches, the specified 
thickness of weld metal under the notch was | 0.051 
in. The variation here was considerably greater because 
it was difficult to locate the cutting tool to an exact 
dimension with reference to the fusion line. Many of the 
S and T specimens had a weld-metal thickness at the 
notch of 0.04 to 0.05 in. 

The specimens with the U-notch were machined with 
greater precision, the depth being 0.045 to 0.052 in 
(specified depth 0.047 in.).. This was done by machining 
the sides of the specimens parallel, to facilitate gripping 
of the pieces in the milling machine, with the plate surtac¢ 
truly parallel to the plane of motion of the mulling 
machine bed. In later tests of U-notch specimens, the 
machining was done in the locating fixtures described 
above, and it was not necessary to machine the sides of 
the specimens. 

The variations in the notch depth and weld-metal 
thickness described above may have influenced the r 
sults of the tests as far as the study of the influence ot 
notch design is concerned. However, it was found that 
the difference in average penetration obtained with the 
two types of electrodes, under the specified welding com 
ditions, was only 0.02 in. (see Fig. 5). The normal 
variation in penetration produced by either electrod: 
was at least 0.01 in. This resulted in very little differ 
ence in the average thickness of the weld-metal layer at 
the root of the notch, for all four types. 

There was also an appreciable variation in the thick 
ness of the plates from the various steels. 


Nominal 

Thickness, Actual Thickness, l 
Steel In. Min. May 
oF 0.504 ( 10 
3F V/s 0.494 0.495 
4F 0.461 0.495 
2F 1 0.979 0.983 
3F 1 0.995 0.995 
4F 1 0.975 1.005 


In view of the variation in the initial plate thickness, 1t 
is believed that the specification of very close tolerances 
on the notch-depth dimension is unwarranted, unless the 
expensive Type T specimen is desired. The results of 
the bend tests, discussed below, indicate that within 
reasonable limits a variation in depth of notch or weld 
bead penetration will not seriously affect the behavior o! 
the specimens during bending. 


Results of Bend Tests 


Character of Notch Fractures.—Typical square-notch 
fractures are shown in Fig. 6. These photographs show 
specimens with the R-notch, but the failures are typical 
also of specimens with the S- and T-notches. It can be 
seen from these photographs that failure may occur at a 
corner of the square notch. When viewed from the top, 
the fracture usually extended along a notch cornet for at 


least a part of the specimen width. It was difhicult in 


these tests to detect the time of occurrence and origin ol 
the first crack, although there was some reason to believe 
that, at least in the thick plates and the harder steel 
(4F), initial failure occurred in the heat-affected zone br 
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low the notched weld metal. Subsequent tests indicated 
that underbead cracking may be expected in 1-in. plates 
of Steel 4F, for the welding conditions used. It is quite 
probable that the square-notch specimens of 1-in. Steel 
4F contained cracks in the heat-affected zone, but be- 
cause the sides of the bend specimens were not finish 
machined, the presence of cracks was not detected either 
before or during the bend test. 

The ways in which the specimens with a U-notch 
failed were more easily classified, and some interesting 
observations were made on the location of initial failure. 
Examples of typical U-notch fractures are shown in 
Figs. 7 and 8. (These photographs also show the effect 
of aging on the bend angle; this is discussed in a sub- 
sequent section. ) 

The '/s-in. specimens of Steel 2F attained a single 
maximum load with little or no indication of cracking on 
the sides of the specimens, although fine cracks were 
observed along the root of the notch after the specimen 
had been removed from the bending jig. As far as could 
be seen, the initial cracks took place simultaneously in 
the weld metal at the root of the notch and in the heat- 
affected metal below (Fig. 7 (a)). 

The |-in. specimens of Steel 2F had a distinct load peak 
at which, or immediately prior to which, a crack formed 
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Fig. 8—Typical U-Notch Fractures in '/,-In. and 1-In. Specimens 
i" of Steel 4F 
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Fig. 9—Angle of Bend for Weld-Bead Specimens Steel 4F, 
with Various Types of Notch. (All Specimens Aged 7 Days 
at Room Temperature) 


at the center of the notch (Fig. 7 (b)). It could not be 
determined whether the crack occurred first in the weld 
metal or in the heat-affected metal. Some of the speci- 
mens in this group exhibited a second load peak, des- 
cribed below. 

The '/2-in. specimens of Steel 4F failed at a single 
maximum load, and the observations during bending 
indicated that initial cracking probably took place in the 
heat-affected metal (Fig. 8 (a)). 

The 1-in. specimens of Steel 4F probably always failed 
first with a horizontal underbead crack, and the first 
maximum load was attained at this time. With con- 
tinued bending, the vertical crack in the heat-affected 
zone then occurred, usually at a second load peak, and 
the fracture branched out into the plate and sometimes 
up into the weld metal (Fig. 8 (6)). 

Figure 3 showed sections of weld beads on 1-in. plate 
of Steel 4F, and the underbead cracking which is probably 
prevalent in all similar specimens.* It may be that the 
underbead cracks acted as the root of a notch with a 
considerably larger radius than the '/s-in. U-notch, but 
the influence of the cracks on the angle-of-bend values is 
not apparent in the test data, except that the effect of 
aging may have been masked out.. 

Most of the specimens in Series I failed with a distinct 
single maximum load. However, the 1-in. specimens, 
particularly those of Steel 4F, often had two load peaks. 
The first maximum load occurred at about the time when 
the first crack in the heat-affected metal became visible. 
The load then declined, but with continued bending 
again increased, in a few cases even higher than the first 
peak. At this second maximum load the crack began to 
propagate very rapidly. In the tables and graphs follow- 

* Harder and Voldrich found a maximum hardness of 493 Vickers in simi- 


larly welded 1-in. plates of this steel, and noted underbead cracks [Table 5 
and Fig. 17, Reference 6]. 
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ing, only the first maximum load, and the angle of bend 
at that load, are recorded because this is the point of 
initial failure. The difference between the first and 
second maxima is not considered significant. 

Effect of Notch Types.—Table 1 lists the maximum load 
and angle of bend at maximum load for all specimens in 
0 I, Duplicate specimens were tested for each con- 

ition. 


Table 1—Notched-Bead Bend Tests of Specimens with 
Various Types of Notch (Series I) 


——'/,-In. Plate—— ——1-In. Plate—— 


Bend Angle Bend Angle 
Max. at Max. at 
Elec- Notch Load, Max.Load, Load, Max. Load, 

Steel trode Type* Lb. Deg. Lb. Deg. 
2F §E6010 R 4200T 46 12,000 23 
4100f 42 12,900 23 

2F E6010 U 4400 69 12,900 11 
4300 64 13,500 14 

3F E6010 R 4300 39 12,700 19 
4300 42 13,600 19 

4F E6010 R 3800 25 13,000 3 
3900 25 13,100 2 

4F E6010 SS) 3600 22 14,200 2 
3400 19 13,700 2 

4F E6010 T 3400 24 13,400 2 
3400 20 13,300 3 

4F E6010 U 4100 19 14,300 4 
4000 14 14,200 4 

4F E6012 R 3200 17 13,700 3 
3400 18 14,200 3 

4F E6012 S 3600 19 13,000 2 
3400 18 14,300 4 

4F E6012 T 3100 19 12,500 2 
3400 26 13,200 2 


* See Fig. 5 for notch details. 

t Duplicate specimens (see Fig. 1); upper value is for Specimen 
No. 1, lower value is for Specimen No. 2; similarly for all pairs of 
values in table. 

All specimens stored 6 days at room temperature after welding, 
then machined, and tested at age 7 days. 


Figure 9 is a graph of the angle-of-bend values for Steel 
4F, with which the greatest variety of tests was made. 
There appears to be no consistent difference in the angle 
of bend for the various types of notch. On the basis of 
machining experience and observations during testing, 
Type R seems to be the logical choice of square notches. 
The machining procedure is relatively simple, and there 
is usually more weld metal underneath the notch than in 
Type S or T. 

While it would be desirable from the standpoint of ease 
of machining to use a square notch, it is believed that 
more consistent results can be obtained by using a notch 
with a full root radius. In fact, it might be recommended 
that the notch used in future tests be */1.5 or 1/4 in. wide, 
with a */3- or '/s-in. radius, respectively. The ideal 
notch conceivably should closely follow the contour of the 
fusion line, and should not, like the square notch, have 
the least weld metal between the notch corners and the 
heat-affected metal. 

Effect of Electrode Types.—Referring to Fig. 9, a com- 
parison of specimens welded with E6012 and E6010 elec- 
trodes indicates no significant difference in the properties 
of the heat-affected metal, as reflected in the angle of 
bend. It is possible that more extensive tests with the 
two electrodes, with several steels and plate thicknesses 
and a uniform notch condition, will bring out a difference 
in the effects of the electrodes. The difference in the ex- 
tent of the heat-affected zones shown in Figs. 2 and 3, for 
welds made with E6010 and E6012 electrodes, results 
partly from the different operating characteristics of the 
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electrode and partly from the different heat inputs used. 
The relative maximum hardness of the heat-affected 
areas was not measured. 

In future tests, it is proposed to adjust the welding cur- 
rents for various types of electrodes, as far as practicable, 
to obtain more nearly equal heat inputs. It is considered 
highly desirable, in this phase of future tests, to check the 
effects of heat input by determining the hardness of the 
parent metal adjacent to the welds. 

Effect of Plate Thickness.—Table 1 and Fig. 9 indicate a 
marked difference in the angle of bend for '/»-in. and 1-in. 
plates. This is attributable partly to the difference in 
cooling rate during welding, which produces higher hard- 
ness in the heat-affected metal of the 1-in. plate.* How- 
ever, some of the difference in angle of bend must also be 
attributed to the greater stiffness of the 1-in. specimens 
during the bend test. The influence of plate thickness on 
the properties of the heat-affected area below the notch 
in the weld bead, and on the stiffness of the bend speci 
mens, has been studied in greater detail in the Series IV 
tests, described in a succeeding section. 

Effect of Steel Type——Figure 10 shows the relation be 
tween the angle of bend and the steel type. Tests on 
both '/s-in. and 1-in. plates show that there is a slight de 
crease in ductility from Steel 2F to Steel 3F, and a much 
greater decrease in ductility for Steel 4F. 

Figure 11 shows the same bend-angle data plotted 
against the carbon-manganese equivalents for the three 
steels. The curve for the 1-in. plate would probably tall 
somewhat higher in this graph if these specimens had 
been machined to '/s-in. thickness before the bend test 
The data would then be more comparable as regards thie 


* For example, Harder and Voldrich reported maximum Vickers hardnesses 
of 398 and 493 for !/:-in. and 1-in. plates, respectively, of Steel 4F, when 
welded under similar conditions [Reference,6| 
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Fig. 10—Relation Between Steel Type and Angle of Bend of 
Welded Specimens 
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Fig. 11—Relation Between Angle of Bend of Welded Specimens 
and Carbon-Manganese Equivalent 


influence of plate thickness on the cooling rate and the 
properties of the heat-affected zone. 

Figure 12 shows the relation between the angle of bend 
for the three steel types (Type R-notch and E6010 elec- 
trode) and the maximum hardness* under 3-in. beads 
deposited with E6010 electrodes on plates of correspond- 
ing thickness of the same steels (initial temperature 80° 
F.). This graph shows a close relationship between 
hardness under the weld bead and the angle of bend as 
measured by the notched-bead bend test. However, it is 
realized that the work to date is too limited to justify 
generalizations regarding this relationship. 


Analysts of Bend Energy 


No analysis was made of the maximum load data be- 
cause they did not exhibit the significant differences 
shown by the angle of bend. <A study of the load-de- 
flection curves (which are not presented here) suggests 
that the method of analysis for tee-bend data recently 
proposed by L. C. Bibber'? should be tried in the notched- 
bead bend test. That is, the area under the load-deflec- 
tion curves, up to the maximum load, might be a useful 
measure of the relative weld-heat effects on different 
steels in the carbon-manganese series. 


Tests for Effect of Plate Thickness 
Series IV 


In the tests just described, welds were made on '/2-in. 
and 1-in. plates, and the bend specimens were machined 
and tested in their initial plate thickness. It was 
pointed out in the discussion of these tests that a direct 
comparison of the results, to evaluate the reaction of 
different steels to cooling rate, was not warranted because 
the bend angle and maximum load were governed not 
only by the metallurgical properties of the heat-affected 


* Maximum hardness data from Reference 6. 

t Series II and III, aging tests, were made prior to Series IV, but are dis- 
cussed in a subsequent section in conjunction with the Series V aging tests, for 
convenience and continuity. 
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metal at the notch, but also by the section modulus of 
the bend specimens. 

The tests of Series IV were made to determine the 
proportionate influence of the heat-affected metal and 
the beam stiffness of the specimen on the angle of bend 
and maximum load. Welds were made on 1-in. plates as 
before, but the bend specimens were machined to '/9-in. 
thickness, and the test results were compared with those 
previously obtained for similar specimens welded and 
bent in the 1-in. thickness, and others welded and bent in 
the !/»-in. thickness. 


Preparation of Specimens 


The welds were made on |-in. plates of Steels 2F and 3F 
with E6010 electrodes. The bend specimens were 
machined to '/>-in. thickness (*’/, in. at notched section) 
with a U-notch in the weld bead, and were then aged as 
shown in the following table. 


Group Storage After Machining Age at Test 
Fig 16 hr. at room temperature 24 hr. 
Mt 16 hr. at 212° F. 24 hr. 

NtI 16 hr. at 212° F., then 7 days at room tem- 8 days 
perature 


* Made and aged simultaneously with Group E, Series III. 
+ Made and aged simultaneously with Group G, Series IIT. 
t Made and aged simultaneously with Group H, Series III. 


Two groups of unwelded control specimens were also 
made from l-in. normalized plate; Group O was tested in 
the l-in. thickness, and Group P after machining to !/>- 
in. thickness. 


Results of Tests 


Table 2 and Fig. 13 show the results of tests of speci- 
mens which were welded on 1-in. plates, and bend tested 
in the '/.-in. and 1-in. thicknesses. For comparison, 
data are also given for a pair of specimens welded and 
tested in the '/-in. thickness (Group A, from Series IT). 
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Fig. 12—Relation Between Angles of Bend and Maximum 
Hardness for Three Steels 
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Referring to the data in Fig. 13, the specimens of 
Groups E, L; G, M, H and N all had the same heat- 
affected zone, because the welding conditions were 
identical and all plates were | in. thick when welded. 
The angle of bend was very much greater, however, for 
specimens which were reduced in thickness to '/» in. be- 
fore bending. This difference in bend angle (x in Fig. 
13) results almost entirely from the difference in section 
modulus of the '/.-in. and 1-in. specimens. The differ- 
ence in the ratio of the depth of the heat-affected zone to 
the specimen thickness at the notch may also have con- 
tributed to x, but probably only slightly. 

Groups L and A, Steel 2F, were both bent as !/2-in. 
specimens, but their initial plate thicknesses were differ- 
ent. In this case, the difference in bend angle (y in Fig. 
13) is caused by the difference in the properties of the 
heat-affected zones, since in Group A the cooling rate 
during welding was slower than in Group L. 

In the same set of values, the difference in bend angle 
between Groups E and A (x plus y, Fig. 13) is the differ- 
ence which was discussed in the earlier tests (Fig. 9). It 
is obvious that the effect of cooling rate on the behavior 
of notched-bead bend specimens cannot be determined 
precisely by bend tests, in tests where the cooling rate is 
varied by welding on plates of several thicknesses, unless 
the bend specimens are subsequently machined to the 
same thickness. 

It is suggested that a possible way to evaluate the 


Table 2—Notched-Bead Bend Tests of Specimens of Two Thicknesses (Series IV 


effect of cooling rate, without the interfering factor of the 
section modulus, would be to make welds on plates of a 
single thickness, at a series of artificially induced cooling 
rates, to simulate different plate thicknesses. The bend 
specimens thus obtained would have different heat 
affected zones, but would have the same bending charac 
teristics as far as the section modulus is concerned. 

The alternate method, in which the welds are made on 
plates of several thicknesses and the specimens are then 
machined to a basic thickness, would also produce the 
desired results, but probably this method is the more ex 
pensive of the two. 

While recognizing the limitations of making tests 
under conditions which do not clearly separate the 
metallurgical effects (increased cooling rate with thicker 
plates) from mechanical effects in testing (section modu 
lus), it appears feasible to conduct the research as origi 
nally outlined and to make an attempt to compensate or 
correct for section modulus by using data for unwelded 
plates. 


Tests for Effect of Aging 


The researches by Jackson and Luther’! had shown 
variations in the bend-test results as a function of aging 
time and temperature. The tests deseribed below were 
designed to evaluate these effects for the stecls to be used 


Angle of 
Plate Thickness, In. Max Bend at ) 
Age, and Treatment Prior to During During Load, Max. Load, 
Bend Test* Group! Welding Bending?! Lb. Deg 
STEEL 2F 
24 hr.; 16 hr. at room tem- E l 1 f12,200** 10 
perature \11,900 9 
L 4,000 34 
3,800 31 
A 1/s 4,400 $4 
4,400 14 
24 hr.; 16 hr. at 212° F. G 1 1 13,900 17 
113,000 16 
M 1 4,000 39 
\ 3,800 37 la 
8 days; 16 hr. at 212° F., and H l 1 /13,60 0) is 
7 days at room temperature \ 13,500 15 
N 1 1/, { 4,200 47 
4,100 30 
Unwelded plate, normalized O 1 1 17,200 51 Root of te 
condition 117,400 50 Root of notel 
P 1 1/, { 4,000 64 No fracture 
| 3,800 65 No fract 
STEEL 3F 
24 hr.; 16 hr. at room tem- E 1 1 {13,700 6 2 
perature 114,200 7 
L 1 1/, { 3,700 21 2 
| 3,600 18 
24 hr.; 16 hr. at 212° F. G l 1 13,500 8 
12,900 9 
M 3,700 21 
3,900 20) 
8 days; 16 hr. at 212° F., and H ] 1 {13,300 7 9 
7 days at room temperature 12,900 7 9 
N 1 1/, { 3,300 16 2 
3,800 19 2 2) 
Unwelded plate, normalized O 1 l {18,800 37 Root of notch 
condition 119,100 37 Root of notch 
P 1 4,200 H5 No fracture 
\ 4,300 (4 No fractur: 


* First 8 hr. required for machining. 

t Data for Groups E, G, H and O from Table 4; data for Group A from Table 3. 
tt For thickness at notch section, subtract °/¢ in. 

§ See Fig. 15. . 

** Duplicate specimens (see Fig. 1). 

All specimens made with E6010 electrode and U-notch. 
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Fig. 13—Effect of Specimen Thickness on Angle of Bend 


in the study of the carbon-manganese series. In addi- 
tion, supplementary tests were made to determine the 
influence of the sequence of aging and machining. 

In the initial aging tests Steels 2F and 4F were used, 
since they represented the maximum variation in carbon 
and manganese content, and it was considered unneces- 
sary to include Steel 3F, which is intermediate in carbon 
and manganese. In later tests, however, Steel 3F was 
substituted for Steel 4F, because the latter steel was 
prone to underbead cracking. All specimens for the ag- 
ing tests were welded with E6010 electrodes under the 
standard welding conditions previously described, and 
were machined with the U-notch shown in Fig. 5. 


Series II 


The object of the first series of aging tests was to deter- 
mine if a variation of one to seven days in the time be- 
tween welding and bending would cause a difference in 
the test results, and if an adequate stability could be 
attained by simply storing the welded specimens for a 
week at room temperature. 


Preparation of Specimens 


Weld beads were deposited on '/2-in. and 1-in. plates of 
Steels 2F and 4F. After welding, the plates were 
divided into three groups, and aged as follows: 


Group A: Machined during the first 8 hr. after weld- 
ing; then held at room temperature until 24 hr. old, 
and tested in bending. 

Group B: Stored at room temperature for 6 days 
after welding; then machined, and tested at age 7 
days. 

Group C: Stored at room temperature for 6 days, 
machined on 7th day; then heated in a dry oven at 
212° F. for 24 hr., and tested at age 8 days. 


Results of Tests 


Character of Notch Fractures—The character of the 
failures obtained with the U-notch specimens has been 
described in detail in a preceding section (see Figs. 7 and 
8). The type of failure varied with the steel and the 
plate thickness, but there was no apparent difference 
attributable to the three aging treatments used, except 
that with aging, higher maximum loads and greater 
angles of bend were attained before the fracture took 
place. 

Effect of Aging. —The angle of bend and first maximum 
load for all specimens in Series II are given in Table 3. 

Figure 14 is a graph of the angle-of-bend data. It 
shows the marked improvement that was obtained by 
holding the specimens at room temperature for a week 
before testing, and the further improvement obtained by 
an additional heating of the specimens for 24 hr. at 212° 
F. 

The 8-day specimens of '/2-in. Steel 2F had almost 
twice as great an angle of bend as those which were 
tested 24 hr. after welding. The '/:-in. specimens of 
Steel 4F showed almost three times greater angle of bend 
after the same treatment. 

The 8-day specimens of 1-in. Steel 2F had twice the 


Table 3—Notched-Bead Bend Tests of Specimens with Various Aging Treatments (Series II) 


--———"'/,-In. Plate————~ ——_———1-In. Plate 
Bend Angle Bend Angle 
Max at Max at 
Load, Max. Load, Load, Max. Load, 
Steel Group Aging Treatment Lb Deg. Lb. Deg. 
2F A 24 hr at room temperature* 4400§ 49 12,200 9 
4400$ 44 12,600 10 
2F B 7 days at room temperature? 4400 69 12,900 11 
4300 64 13,500 14 
2F c 7 days at room temperature, 24 4500 80 14,500 20 
hr. at 212° F.tt 4500 76 14,800 19 
4F A 24 hr. at room temperature* 3500 9 14,200 5 
3600 10 14,000 3 
4F B 7 days at room temperaturet 4100 19 14,300 4 
4000 14 14,800 4 
4F Cc 7 days at room temperature, 24 4500 26 15,000 5 
hr. at 212° F.tt 4800 29 15,100 5 
* Machined during first 8 hr. 
t Machined on 7th day. 
tt Machined on 7th day, then placed in oven at 212° F. 
§ Duplicate specimens (see Fig. 1). 
All specimens made with E6010 electrodes and U-notch. 
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Table 4—Notched-Bead Bend Tests of Specimens with Various Aging Treatments (Series III) 


——————Steel 2F- Steel 3F ~ 
Angle of Origin and Angle of Origin and 

Max. Bend at Development Max. Bend at Development 
Load, Max.Load, Fracturet Load, Max. Load, of Fracturet 
Group Age, and Treatment Prior to Bend Test* Lb. Deg From To Lb. Deg From To 
E 24 hr.; 24 hr. at room temperature 12,200tt 10 la le 13,700 6 2a 2b 
11,900t 9 la le 14,200 7 2a 2b 
F 8 days; 8 days at room temperature 13,100 19 la 1b 12,200 8 2a 2b 
12,600 18 la 1b 12,300 8 2a 2h 
G 24 hr.; 16 hr. at 212° F. 13,900 17 la 1b 13,500 8 la 1b 
13,000 16 ld ld 12,900 9 2a 2b 
H 8 days; 16 hr. at 212° F., and 7 days at 13,600 18 la le 13,300 7 2a 2b 
room temperature 13,500 15 la le 12,900 7 2 2b 
I 48 hr.; 40 hr. at 212° F. 13,000 19 la lc 13,200 7 2a 2h 
13,000 17 la le 13,400 7 2a 2b 
J 8 days; 40 hr. at 212° F.,and 6 days at 14,200 16 la 1b 14,100 10 a 2b 
room temperature 14,800 23 la 1b 13,900 10 2a 2b 
K 8 days; 72/; days at 212° F. 13,500 16 ld ld 13,400 7 2a 2b 
13,700 16 la 1b 13,300 7 2a 2b 

Oo Unwelded plate, normalized condition 17,200 51 Root of notch 18,800 37 Root of notch 
17,400 50 Root of notch 19,100 37 Root of notch 


* First 8 hr. required for machining. 

t See Fig. 15. 

t Duplicate specimens (see Fig. 1). 

All tests made with 1-in. plates, E6010 electrode and U-notch. 


angle of bend of similar specimens which were tested 24 
hr. after welding. The 1-in. specimens of Steel 4F 
showed only slight improvement in angle of bend with 
age and heating. It is possible that the underbead 
cracks in these specimens (see Figs. 3 and 8 (6)), which 


EACH CONDITION U- NOTCH of bend of Steel 2F was considerably greater than that of 
E60IO ELECTRODE Steel 4F, for comparable plate thickness and aging treat- 
ment. The difference in maximum loads was not so 
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Fig. 14—Relation Between Angle of Bend and Treatment of 
Weld Specimens Prior to Bend Test 
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undoubtedly occurred immediately after welding, induced 
early failure and thus prevented a measure of the im 
provement in ductility. That is, the ductility of the 
heat-affected metal may have been improved by the aging 
treatment, but since cracks were already present, the 
improvement was not detectable by the testing procedure 
used. 


Fig. 15—Development of Notch Fractures in Series II] Bend 
Specimens 
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pronounced; indeed, for '/:-in. plate, Steel 4F failed at 
the same or lower load than Steel 2F (see Table 2, first 
column). This was also the case in the Series I tests. 

It is obviously desirable, in a comparison of the notch- 
bend behavior of different steels, to analyze the load data 
as well as the angle of bend. However, in these pilot 
tests the scope of the tests of welded specimens and un- 
welded controls is not broad enough to warrant any ex- 
tended analysis. 

Effect of Plate Thickness.—No direct comparison can 
be made of the data in Table 3 and Fig. 14 concerning the 
effect of plate thickness on the metallurgical character- 
istics of the heat-affected metal at the notch, since the 
bend tests were made without reducing the specimens to 
the same thickness. 


Series III 


The tests of Series II confirmed the observations made 
by other investigators that aging produces a beneficial 
effect on the properties of notched-bead bend specimens. 
After the data had been reviewed by the advisory com- 
mittee, it was decided that additional aging tests would 
be necessary to determine if variations in the aging treat- 
ment would produce different effects. 


Preparation of Specimens 


The Series III specimens were made with 1-in. plates 
from Steels 2F and 3F. Steel 3F was substituted for 
Steel 4F because previous experience had shown that 
Steel 5F was less susceptible to underbead cracking. 
The ' »-in. plates were omitted in order to reduce the 
volume of pilot testing. However, some bend tests were 
made on unwelded specimens (normalized, but with no 
special aging treatment), for comparison with the welded 
specimens. 

The welded specimens were machined during the first 8 
hr. after welding, as shown in Fig. 1, except that no 
cetral section was reserved for macroinspection. The 
bend specimens were then aged as shown in the following 
table. 


Age at Bend 
Group Storage After Machining Test 
E 16 hr. at room temperature 24 hr. 
F 7*?/, days at room temperature 8 days 
G 16 hr. at 212° F. 24 hr. 
H 15 hr. at 212° F., then 7 days at room 8 days 
temperature 
I 40 hr. at 212° F. 48 hr. 
J 40 hr. at 212° F., then 6 days at room 8 days 
temperature 
kK 77/3; days at 212° F. 8 days 
O Unwelded specimens, normalized condition * 


* Tested 2 days after normalizing. 


During the 12 days covering these experiments, the 
average recorded room temperature was 72° F., with a 
slow fluctuation of 5° F. The 212° F. storage was in 
a dry-air cabinet, and the variation in temperature was 
= 2° F. 


Results of Tests 


Character of Notch Fractures.—In the tests of Series 
III, all failures of the 2F specimens were of Type 1, 
shown in Fig. 15. Most of the initial cracks started in 
the weld metal (Ja), and then progressed into the heat- 
affected zone (1) or Ic); in all cases the fracture was sub- 
stantially perpendicular to the fusion line. Two speci- 
mens failed with a double fracture (Jd). 
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24 br. at room temp. (Series It) 

24 >r. at room temp. (Series fit) 

7 days af room temo. (Series fi) 

8 days af room temp. (Series Iti) 

16 hr. af 212°F., age at test 24 hr. (Serses Iti) 

16 mr, af PI2°F., age at test 24a nr. (Series v) 

16 br. at 212°., age at test 24 rr. (Serres V) 

16 mr. at 212°F., age af test 32 nr, (Series Vv) 

40 nr. at 212°F., aye at test 48 mr. (Series 

7 2/3 days at 212°F., age af test & days (Serres Jit) 

7 da. at room temp. 24 hr. at 212°F., age 8 da. (Series Ji) 
16 br. af 212°F., 7 da. af room temp. age 8 da. (Series Ii!) 
40 hr. af 212°F., 6 da. at room temp. age 8 da. (Series Jil) 


Fig. 16—Effect of Various Aging Treatments on Angle of Bend 
of 1-In. Specimens of Steels 2F and 3F 


In the 3F steels, almost all of the specimens failed 
with the Type 2 fracture, in which a crack was first 
observed in the heat-affected zone parallel to the fusion 
line (2a). As bending progressed, the crack extended 
upward into the weld metal and down through the re- 
mainder of the heat-affected zone (26). The location 
of the initial horizontal crack coincides with the zone of 
maximum hardness adjacent to the weld bead and the 
zone in which underbead cracks are usually found. It is 
not known whether the specimens of Steel 3F contained 
underbead cracks, but none were visible prior to the bend 
test. The results of earlier weld-bead tests on Steel 3F 
suggest that, with the welding conditions used in this 
pilot program, underbead cracks should not have been 
present. The type of failure observed in the 3F bend 
tests may be indicative of incipient cracks, not detectable 
by the usual inspection methods, which need only the 
strain imposed during the bend test to grow to visible 
dimensions. 

It is proposed in future work to inspect all specimens 
by the Magnaflux method to determine if underbead 
cracks are present prior to the bend test. Even this 
procedure, however, may not always provide the desired 
information, because only two sections of the 1'/,-in. 
wide bar are available for inspection, and small under- 
bead cracks could well be hidden within the body of the 
specimen. 

Effect of Aging.—The results of the Series IV bend 
tests are given in Table 4 and in the summary graph on 
aging tests, Fig. 16. Table 4 also indicates the types of 
fracture which developed, as illustrated in Fig. 15. 

As in the Series II tests, these data indicate that the 
angle of bend is increased if the specimens are allowed to 
age either at room temperature or at 212° F. There is no 
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Table 5—Notched-Bead Bend Tests of Specimens with Various Aging Treatments (Series V) 


——_——Steel 2F-___— —-— Steel 31 
Bend Angle Origin and Bend Anglk Origin and 
Max. at Development Max. at Development 
Load, Max.Load, of Fracture* Load, Max. Load, of Fracture* 
Group Sequence of Aging and Machining Lb. Deg. From To Lb. Deg From ro 
Q Machined before aging 16 hr. at 212° F. —_13,800t 17 la lc 13,300 if) la lb 
(age at test 24 hr.) 13,800t 16 la le 12,500 6 2 2 
R Aged 8 hr. at room temperature and 16 hr. 14,000 17 la le 13,700 10 2 2h 
at 212° F. before machining (age at 13,500 16 la le 13,200 9 2 2 
test 32 hr.) 
SS) Aged 16 hr. at 212° F. before machining 13,300 15 la le 12,500 9 l 
(age at test 24 hr.) 14,200 15 la le 12,500 7 2 2! 


* See Fig. 15. 
t Duplicate specimens (see Fig. 1). 
All specimens made with 1-in. plate, E6010 electrode and U-notch. 


significant difference between the various types of aging 
treatments used; for example, storage at room tempera- 
ture for 8 days produced as much improvement in duc- 
tility as storage for 16 or 40 hr. at 212° F. (this is some- 
what at variance with the data of Fig. 14, which indicated 
that aging at room temperature was less effective than 
when an additional period at 212° F. was used). 

Considerably greater improvement in bend angle was 
observed for Steel 2F than for Steel 3F. This bears out 
previous observations. 

The maximum loads recorded in Table 4 were similarly 
influenced by the aging treatments, at least for Steel 2F. 
The changes in maximum load were not as pronounced 
or as consistent as the angles of bend. 

The maximum load and angle of bend for unwelded 
specimens are also given in Table 4. Until more data 
have been obtained on the comparative behavior of 
welded and unwelded specimens, the differences shown 
here cannot be analyzed. 


Series V 


After the results of the aging tests described above 
had been reviewed by the advisory subcommitttee, it was 
suggested that the sequence of machining and aging 
might have an important bearing on the performance of 
the test specimen. It now appeared expedient to age the 
plates immediately after welding, and to machine the 
bend specimens at a convenient later date. With such a 
sequence of operations, the surface of the weld metal at 
the root of the notch is left in a cold-worked condition, 
and there was some feeling that this would produce a 
different effect than if the metal were aged at 212° F. 
after machining. Supplementary tests were therefore 
made to clarify this. 


Preparation of Specimens 


The same steels, welding conditions and U-notch were 
used as in Series III. The specimens were prepared as 
follows: 


Group Q: Welded at 8 A.M.; machined between 9 
A.M. and 4 P.M.; placed in oven at 4 P.M. and held 
16 hr. at 212° F.; tested at 8 A.M. on following day, 
at age 24 hr. 

Group R: Welded at 8 A.M.; held at room tempera- 
ture until 4 P.M.; placed in oven at 4 P.M. and held 
16 hr. at 212° F.; machined on following day be- 
tween 9 A.M. and 3 P.M.; tested at 4 P.M. at age 32 
hr. 

Group S: Welded at 4 P.M.; placed immediately in 
oven and held 16 hr. at 212° F.; machined on follow- 
ing day between 9 A.M. and 3 P.M.; tested at 4 
P.M. at age 24 hr. 
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Results of Tests 


The results of the Series V bend tests are given m 
Table 5. It is evident that the variations in the sequence 
of aging and machining did not produce a greater scatter 
in the results than would be expected from a series of 
specimens all tested under the same experimental condi 
tions. 

The angles of bend, maximum loads and types of frac 
ture for the Series V specimens are similar to those ob 
tained in the Series III tests of aged 1-in. specimens of 
Steels 2F and 3F (Table 4). As before, the aged speci 
mens had an appreciably greater angle of bend than 
comparable specimens tested after 24 hr. at room tem 
perature, and the improvement was greater for Steel 2F 


Summary of Aging Tests 


The angle-of-bend data for the Series II, Ill and V 
agiug tests are summarized in Fig. 16. On the basis of 
these data, the following observations may be mace 

1. There was a substantial improvement im the angle 
of bend of specimens which were stored at room tempera 
ture for about a week, or at 212° F. for 16 hr. or more, 
prior to the bend test, in comparison with specimens 
tested after 24 hr. at room temperature. 

2. Aging at 212° F., or with a combination of room 
temperature and 212° F., produced a greater improve- 
ment than aging at room temperature only. (Fig. 16 
shows one exception to this, Group F. The data m Fig. 
14, however, which cover two thicknesses as well as two 
steels, indicate that a 212° F., treatment effectively in- 
creased the angle of bend.) 

3. Increasing the aging time at 212° F. from 16 hr. to 
40 hr. or even 164 hr. did not increase the improvement 
in angle of bend, and it may be concluded that a 16-hr. 
treatment at 212° F. is adequate for aging. 

4. It is indicated that specimens can be tested one 
day after welding if they have been aged 16 hr. at 212 
F., with the angle of bend being closely similar to that of 
specimens aged 8 days at room temperature. 

5. There is some indication that in the combination 
212° F.-room temperature aging treatments, more im- 
provement was obtained when the period at 212° F. was 
extended from 16 to 40 hr. No explanation can be given 
for this, since tests with various lengths of time at 212’ 
F., but with no room temperature aging, showed no im- 
provement at the longer 212° F. periods. 

6. It is possible that a combination 212° F.-room 
temperature aging treatment produces a greater im- 
provement than aging only at 212° F., but the difference 
is very small, and it may be concluded that either treat- 
ment will give comparable results. 
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7. The sequence of aging and machining had no 
significant effect on the angle of bend of specimens whose 
aging treatment consisted of or included a period at 
212° F. For specimens with room-temperature aging 
only, the results suggest that aging should follow machin- 
ing to obtain the greatest improvement in angle of bend. 
The data on this point are considered insufficient and in- 
conclusive. 

8. The effects of aging at room temperature, 212° F., 
or a combination of the two, were more pronounced for 
Steel 2F than for Steel 3F. 

For the forthcoming major investigation, with its 
larger number of welding variables, steel compositions 
and initial plate thicknesses, an aging schedule is desir- 
able which will provide ample time for the machining of 
the specimens prior to the scheduled testing time. It is 
obviously impossible to weld a large number of specimens 
and machine all of them within the same 8-hr. period, 
and it would be desirable to allow a machining period of 2 
or 3 days. 

It appears that, providing the specimens are aged as 
long as 16 hr. at 212° F., they may be tested at any con- 
venient time within a reasonable period, with confidence 
that the angle of bend will be indicative of what the 
specimens would show after 8 days’ aging at room tem- 
perature. It is believed that it is relatively unimportant 
whether this aging treatment is applied immediately 
after welding or later, but convenience would probably 
indicate that immediately following welding, the speci- 
mens should be aged 16 hr. at 212° F. and then machined, 


after which they may be tested immediately or at some 
later time. 
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A Study of Austenitic Welding for 
Control of Graphitization in Steel 


By I. A. Rohrigt 


Synopsis 


The paper presents evidence that the formation of dangerous 
“‘chain’”’ type graphitization at welds in carbon-molybdenum piping 
exposed to high-temperature service may be inhibited by the use 
of austenitic chromium-nickel filler metal. In the tests reported, 
carbides migrated from the pipe metal adjacent to the weld and 
were absorbed by the austenitic filler metal, instead of decom- 
posing into graphite in the critical zone at the low-temperature 
edge of the heat-affected pipe metal. The investigation covered: 
(a) examination of an 18 chromium-8 nickel weld between carbon- 
molybdenum and 18 chromium-8 nickel pipe after 20,000 hr. of 
service at 925° F., which revealed carbon migration from the 
carbon-molybdenum pipe metal to the austenitic filler metal; 
(b) laboratory tests at 1000 to 1200° F., which showed carbide 
absorption by both 18-8 and 25-20 chromium-nickel austenitic 
filler metal from both high- aluminum and low-aluminum types of 
carbon-molybdenum pipe; (c) graphitization tests of welds made 
in samples of pipe from the Springdale plant of the West Penn 
Power Co. in which graphitization was first observed. A sample 
welded with carbon-molybdenum filler metal showed incipient 


“chain” type graphitization whereas a sample welded with aus- 
tenitic filler metal did not. 


* Contributed by the Joint A.S.T.M.-A. 5 E. Research Committee on 
the Effect of Temperature on the Metals and presented at the 
Annual yom New York, N. Y., Nov. Dee 1, 1944, of The American 
Society of Mechanical Engineers. 

Cuts loaned through the courtesy of Speed Engineering. 
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Fig. 1—Cross Section of an 18/8 Weld Between 18/8 Pipe, 
Left, and C-Mo Pipe, Right, After 20,000 Hr. at 925° F. 


black line at the fusion zone between C-Mo fe and 18/8 
d is composed of carbides and is not a crack. Approximately 
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Introduction 


HE occurrence of a failure adjacent to a welded 
joint in carbon-molybdenum steel pipe at the 


18-8 Cr-Ni filler metal 


Springdale Station of the West Penn Power Co. ™ 
led to investigations’ in which it was observed that 2.2% ¥ 
during the are welding of this type of pipe a narrow band 7 Ne 
of unstable carbide may be formed at the extremity of be | 
the heat-affected area resulting from welding, in the au 
region where the temperature due to welding reaches ? 
heating at 850° to 1000° F., which is the operating tem- 
perature used in high-pressure generating stations, the 
unstable carbide thus formed will, under suitable con- ¢ 
‘ 


~ 
dames. Fig. 3—Same Section as Fig. 2 Except Normalized at 1800° F. 
4 in carbide content of pipe metal structure adjacent 
PALES to the weld; 100.) 
ditions, decompose to form graphite. The graphite 
ves rise to weakness, and a sudden shock on a joint 
Unaffected pipe As a result of this finding an investigation was made of 


certain welded joints in steam power plants of The 
Detroit Edison Co. With one of the joints 
4 electrodes. The one that was different had been welded 
with an 18/8 chromium-nickel electrode. This joint 
Fig. 2—Heat-Affected Area of 18/8 Cr-Ni Weld in C-Mo Pipe was between carbon-molybdenum pipe and 18 chro- 

Showing Carbide Band at Fusion Zone After 20,000 Hr. of | mium-8 nickel pipe. 


Service at 925° F. 100 The examination of this particular joint revealed that 
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no graphite had formed in the heat-affected area in the 
carbon-molybdenum pipe during approximately 20,000 
hr. of service at 925° F. + 20° F. Although the absence 
of graphitization was not exceptional, the metallurgical 
characteristics of the joint were significantly different 
from those of the carbon-molybdenum welded joints. 
Examination revealed that carbon had migrated from 
the heat-affected area of the carbon-molybdenum pipe 
to the austenitic chromium-nickel weld metal and was 
there stabilized as chromium carbide. Furthermore, 
after prolonged service at high temperature, the joint 
was in excellent physical condition at the time of removal. 

From this observation the use of austenitic chromium- 
nickel filler metal to prevent graphitization in the heat- 
affected area of carbon-molybdenum pipe welds in high- 
temperature steam service appears to be an intriguing 
possibility, provided no difficulty results from the un- 
equal expansion of austenitic filler metal and carbon- 
molybdenum steel. 

The use of austenitic chromium-nickel welding and 
the favorable physical properties of such welds for 
carbon-steel boiler and steam-line construction were re- 
ported in the literature as far back as 1935.?-7 How- 
ever, no mention has been found of the properties of 
such welds after long-time service at high temperature. 

This paper presents the results of a study of the pos- 
sibility of controlling graphitization in welded carbon- 
molybdenum pipe joints for use at high-temperature by 
welding with austenitic chromium-nickel electrodes. The 
study involved (a) an examination of two austenitic 
welded joints that had been in high-temperature service 
for a number of years; (6) a short-time preliminary 
investigation to confirm the findings obtained under (a); 
and (c) a detailed investigation that covered both high- 
and low-aluminum carbon-molybdenum steel and both 
IS’ S and 25 20 chromium-nickel electrodes, as well as 
a sample of pipe, including a graphitized welded joint, 
that had been removed from the main steam piping of 
the Springdale plant. 


Examination of Joints Removed from Service 


When it was decided to conduct this investigation, the 
first phase undertaken was a more detailed study of the 
austenitic weld already referred to. The weld was made 
in 1936 and joined carbon-molybdenum steel to KA2S 
(18.8, low-carbon) steel pipe using 18/8 chromium- 
nickel electrodes. The two sections of pipe were 51/2 


Fig. 4—Steel Tubing Welded with 25/20 Cr-Ni Electrode and 
Showing Carbide Bands at ye Zones After High-Tempera- 
ture Service 


Carbide band 


¥. 


Fig. 5—Fusion Zone in Low-Carbon Steel Tubing, Welded 
with 25/20 Cr-Ni Electrode; 477} High-Temperature Service. 
x 


in. O.D., */s in. wall thickness, and were part of an 
experimental high-temperature steam line. The joint 
was removed for examination in 1942, after having been 
in service approximately 20,000 hr. at 925° F. = 20° F. 
A macrograph of a section of the weld is shown in Fig. 
1, and the typical metallographic structure of the fusion 
zone and heat-affected area of the carbon-molybdenum 
side of the joint after removal from service is shown in 
Fig. 2. 

In approximately 20,000 hr. of service, during which 
time the piping was cooled to room temperature 42 times, 
no harmful effects resulted from either the carbide 
precipitation at the fusion zone of the weld or the me- 
chanical stressing of the joint caused by the unequal 
expansion of the filler metal and the pipe metal. The 
coefficient of thermal expansion of 18/8 chromium- 
nickel filler metal is approximately 25% greater than 
that of carbon-molybdenum steel. The heavy band of 
precipitated carbides at the fusion zone of the weld 
might have been considered as a weak or brittle zone 
in which cracking might have occurred during service 
owing to the differential stress in this area. 

On the contrary, however, notched-bar tests of samples 
from this joint showed that the notch toughness of the 
metal at the fusion zone was high, a value of 135 ft.-lb. 
having been obtained; that of the weld metal was 70 
ft.-lb. Test results showing higher values in the heat- 
affected metal than in the weld metal were reported by 
Beckmann? and Kautz? in 1935, and recently by another 
laboratory.* <A section identical with that shown in 
Fig. 2 was heated quickly to 1800° F., held for 15 min., 
and then aircooled. This normalizing treatment gave 
the structure shown in Fig. 3. The relatively few car- 
bide grains adjacent to the weld as compared with the 
amount of carbide present at locations away from the 
weld, is evidence that the carbide band at the fusion 
zone in Fig. 2 was composed chiefly of carbide that had 
smigrated from the adjacent heat-affected area. 

It should be noted, in Fig. 2, that recrystallization 
had not occurred in the carbon-depleted heat-affected 
area adjacent to the weld as has been observed in the 
case of low-carbon steel welded with austenitic filler 
metal and exposed to high-temperature service. An 
example of such recrystallization was found in the sample 


(Note recrystallization in carbon-steel tube at right, andabsence of described in the following paragraph: 


recrystallization in carbon-molybdenum tube at left; approxi- 
mately 


* Private communication. 
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Fig. 6—As-Welded 


Filler metal 
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Fig. 7—After 700 Hr. at 1000° F. 


(Note carbides at fusion zone.) 
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Fig. 8—As-Welded, Followed by Normalizing at 1800° F. 


Filler metal 
< 
Pipe metal ¥ 


Fig. 9—After 700 Hr. at ane Followed by Normalizing at 
1800° F. 


(Note carbide depletion in pipe-metal struct 
p pif 


Figs. 6-9—Carbide Absorption by Austenitic (18/8) Cr-Ni Filler Metal 
(Pipe material, low-aluminum carbon-molybdenum steel; x 100.) 


This sample consisted of a 25/20 chromium-nickel 
weld between calorized plain-carbon and _ carbon- 
molybdenum 3'/,-in. steel tubing. The joint from 
which it was cut had been in service as part of a steam 
supply line for a soot blower in the superheater section 
of a high-pressure steam generator. The piping had 
been in use for approximately 2 years at an average pipe 
temperature of 1200° F., which was the approximate 
normal gas temperature in that section of the boiler, 
with intermittent temperature variations to 910° F. 
when steam passed through the line, and to 1500—1600° 
F. under high boiler ratings. Recrystallization had oc- 
curred in the heat-affected area of the p!ain-carbon steel, 
and the joint had cracked in that area #s a result of the 


severe stresses placed on the piping during the inter- 
mittent passage of high- -pressure steam. Recrystalliza- 
tion had not occurred in the heat-affected area of the 
carbon-molybdenum tube. 

A macrograph of a sample from this joint is shown 
in Fig. 4, in which can be seen the recrystallized area 
and the broad carbide bands at the fusion zones of the 
joint. The carbide band is shown in greater detail in 
Fig. 5. There was no graphite in the heat-affected areas, 
probably because most of the carbon formerly in those 
areas had migrated to the weld metal, under the in- 
fluence of high-temperature service, and had united with 
the chromium to become chromium carbide. 

The examination of the two joints showed clearly that 
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austenitic weld metal of both 18/8 and 25,20 type would 
absorb carbon from the adjacent heat-affected area 
during exposure to high temperatures and provided 
further evidence in support of the theory that the use of 
such electrode material would minimize graphitization 
troubles in welded joints in carbon-molybdenum pipe. 


Preliminary Investigation 


The second phase of the study was a short-time test 
under controlled laboratory conditions to check this 
observed carbide-absorption tendency of austenitic weld 
metal and the resulting carbide depletion of the pipe 
metal. For this purpose a butt-welded sample was made 
of low-aluminum coarse-grained (A.S.T.M. Designation 
A-206) carbon-molybdenum pipe, using 18/8 chromium- 


a Filler metal 


metal 


| 
: 


Fig. 12—High-Aluminum C-Mo Pipe Welded with 18/8 Cr-Ni 


nickel electrodes. The sample was not stress relieved 
after welding but was heated at 1000° F. for 700 hr. in 
an attempt to promote graphitization, and then examined 
microscopically. The heat-affected area and fusion zone 
of this weld are shown ‘“‘as-welded”’ in Fig. 6 and after 
test exposure, in Fig. 7. Sections identical with those 
shown in Figs. 6. and 7 were then normalized by heating 
quickly to 1800° F., holding at temperature for 15 min., 
and air cooling. The structures resulting from this 
treatment are shown in Figs. 8 and 9. 

The carbide-absorption tendency of austenitic chro- 
mium-nickel filler metal at high temperature is demon- 
strated by the carbide band at the fusion zone in Fig. 7, 
and by the depletion of carbide in the adjacent pipe 
metal in Fig. 9. The difference in structure between 
Figs. 8 and 9 shows clearly the depletion of carbide in 
the carbon-molybdenum pipe metal as a result of carbon 


Filler metal 


Fig. 13—High-Aluminum C-Mo Pipe Welded with 25/20 Cr-Ni 


Figs. 10-13—Carbide Absorption by Austenitic Cr-Ni Filler Metal During 3760 Hr. at 1000-1160° F. x 100 
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Pipe metal fA. Filler metal 


Fig. 14 (b)—Fusion Zone; As-Welded with C-Mo Electrode 


Filler metal 


Fig. 14 (c)—Fusion Zone; As-Welded with 25/20 Electrode 


Coarse-Grained Material 


Cooled 


Fig. 15 (b)—Fusion Zone; As-Welded with C-Mo Electrode 


Filler metal tee Pipe metal 


Fig. 15 (c)—Fusion Zone; As-Welded with 25/20 Electrode 


Figs. 14 and 15—Initial Structure and ‘‘As-welded” Structure of Test-Weld Samples of Springdale Pipe. » 100 


migration to the weld metal at high temperature. With 


this confirmation of the results observed in the joints ~ 


from service and the theory postulated as a result, a 
more detailed investigation was believed to be justified. 


Detailed Investigation 


The study up to this point had shown unmistakably 
the carbide-absorption tendency of austenitic chromium- 


nickel filler metal and the resulting carbide depletion of 
adjacent carbon-molybdenum pipe. It was desirable, 
however, to extend the investigation to include the study, 
under controlled conditions, of the relative carbide- 
absorption tendency of 18/8 and 25/20 chromium-nickel 
filler metal and of the relative graphitization tendencies 
of both fine-grained high-aluminum, and coarse-grained 
low-aluminum carbon-molybdenum steel when welded 
with both types of austenitic electrode. The first part 
of this additional study was considered advisable because 
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Table |—Butt-Welded Test Specimens 


Sample Type of 
No. Description of Samples Electrode Used 
1 High-aluminum pipe, welded to low- 18 chromium— 
aluminum pipe (new material) 8 nickel 
2 High-aluminum pipe, welded to low- 25 chromium- 
aluminum pipe (new material) 20 nickel 
3 High-aluminum pipe; fine-grained, Carbon-molyb- 
welded to coarse-grained (Springdale denum 
sample) 
4 High-aluminum pipe; fine-grained, 25 chromium- 
welded to coarse-grained (Springdale 20 nickel 
sample) 


of the greater structural stability and lower coefficient of 
expansion of 25/20 austenitic filler metal, as compared 
with 18/8, atid the second part because the amount of 
aluminum used in the manufacture of the steel may be 
an important factor in graphitization®. 
Description of Material 
The welded samples prepared for this detailed ex- 
amination included three different materials as follows: 
1. High-aluminum fine-grained carbon-molybdenum 
pipe material; A.S.T.M. Designation A-158 (new ma- 
terial). 


Table 2—Heating Schedule for Test Samples 


Time, Hr. — 

Sample At 1000 At 1060 At 1160 
No. + 10° F. + 10°F. + 10°F. Total 
1 and 2 1390 2308 62 3760 
3 and 4 1390 1390 20 2800 


2. Low-aluminum coarse-grained carbon-molybde- 
num pipe material; A.S.T.M. Designation A-206 (new 
material). 

3. High-aluminum carbon-molybdenum pipe ma- 
terial from the Springdale plant. This sample contained 
a portion of a seriously graphitized pipe joint. 

The first two materials corresponded to pipe material 
in service as high-temperature steam piping in The 
Detroit Edison Co. The Springdale sample was of the 


Table 3—Results of Tensile Tests* at 70° F. of Carbon- 
Molybdenum Pipe Welded with Austenitic Chromium- 


Nickel Electrodes 
Tensile Elonga- Reduc- 
Sample Strength, tion, % tion of 
No. Description Psi. in2In. Area,% Comment 


1 High-Al pipe welded 
to low-Al pipe with 
18/8 Cr-Ni_ elec- 


trode 
(a) as-welded 62,120 21.1 68.9 t 
62,480 20.3 67.8 T 
(6) after 3760 hr. of 
test at 1000- 
1160° F. 59,190 22.7 72.2 t 
58,850 21.9 69.7 


2 High-Al pipe welded 
to low-Al pipe with 
25/20 Cr-Ni elec- 


trode 
(a) as-welded 61,400 18.0 68.9 ! 
60,440 18.0 69.9 
(6) after 3760 hr. of 
test at 1000- 


1160° F. 59,700 21.9 70.2 T 
58,550 ds Defect 
in weld; 
failed at 
fusion 
zone 


* Standard 0.505-in.-diam. specimens. 
t Failed in pipe metal outside of weld-heat-affected area. 
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Fig. 16—Fine-Grained Springdale Pipe Material Welded 
with C-Mo Electrode, Showing Graphite Concentration in 
“Critical’’ Zone After 2800 Hr. of Test. 100 


fine-grained high-aluminum type corresponding to A.S.- 
T.M. Designation A-158, and the pipe ends had been 
heated and upset prior to the original welding. The 
weld and the graphitized heat-affected area were cut 
out by sawing and the two remaining pipe sections, each 
approximately 1 ft. long, were heat treated to redissolve 
the scattered graphite in the pipe metal and to establish 
a coarse grain structure in one piece and a fine grain 
structure in the other. For this purpose one section was 
heated at 1750° F. for 1'/2 hr. and air cooled, and the 
other was heated at 2250° F. for 1 hr. and air cooled. 

For the detailed investigation, four butt-welded test 
specimens were made up as indicated in Table 1. 

The samples were not stress relieved but were sub- 
jected to prolonged heating as shown in Table 2, in an 
attempt to promote graphitization. The electrically 
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Fig. 17—Fine-Grained Springdale Pipe Material Welded 
with 25/20 Cr-Ni Electrode, Showing Scattered Graphite 
After 2800 Hr. of Test. 100 | 
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Fig. 18—Coarse-Grained Springdale Pipe Material Welded 
with C-Mo Electrode, Showing Graphite Concentration in 
“Critical” Zone After 2800 Hr. of Test. 100 


heated furnace used for this work was closed by means of 
a double door and was opened only a few times during 
the test. The outer door was sealed with asbestos, thus 
preventing free circulation of air over the samples which 
were fully exposed to the atmosphere within the furnace. 

Tensile tests were made of specimens from samples 
1 and 2, both as-welded and after heating, and specimens 
were prepared for metallographic examination. The 


other samples, 3 and 4, received only a metallographic 
examination. 


Results of Tests 


The results of the tensile tests made on samples 1 and 
2 are given in Table 3. With the exception of one speci- 
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Fig. 19—Coarse-Grained Springdale Pipe Material Welded 
with 25/20 Cr-Ni Electrode 


(Note absence of graphite in “critical’’ zone after 2800 hr. of test; 
100.) 
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Fig. 20—Typical Graphite in ‘‘Critical’’ Zone of Fine-Grained 
Springdale Pipe Welded with C-Mo Electrode After 2800 Hr. 
of Test. 1000 


men, the failures all occurred in the pipe metal outside 
of the heat-affected area. 

The results of the metallographic examination of the 
new high- and low-aluminum material after test heating 
are shown in Figs. 10 to 13, inclusive. 

The broad carbide band shown in both Figs. 10 and 
12 as compared with the narrow band in Figs. |! and 15 
indicates that the 18/8 chromium-nickel filler metal had 
a greater affinity for carbon than the 25 20 chromium 
nickel filler metal. In the case of the 18/8 weld there 
is some indication also that more carbide was absorbed 
from the low-aluminum carbon-molybdenum pipe, Fig 
10, than from the high-aluminum pipe, Fig. 12. This 
difference, however, is not indicated by the samples 
welded with 25/20 chromium-nickel filler metal, Figs. |! 
and 13. 


Fig. 21—Typical Graphite in ‘“‘Critical’’ Zone of Coarse- 
Grained Springdale Pipe Welded with C-Mo Electrode After 
2800 Hr. of Test. 1000 
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Fig. 22 (b) 500 


Fig. 22—Graphite in Ac, Region of C-Mo Pipe Material Con- 
taining a Single-Bead Weld Made with 25/20 Cr-Ni Electrode 


In another investigation samples from the same high- 
and low-aluminum-content carbon-molybdenum pipe 
materials were studied for graphitization after welding 
with carbon-molybdenum electrodes. Both materials 
showed graphite concentration in the critical zone at the 
edge of the heat-affected area at the conclusion of a test 
of 3300-hr. duration at a temperature of 1000 to 1060° 
F.; the complete results of that test are given in a com- 
panion paper.® 

The structures of the Springdale pipe material, samples 
3 and 4, initially and as-welded, are shown in Figs. 14 
to 21, inclusive. 

The fine grain structure resulting from the 1750° F. 
normalizing treatment of the Springdale pipe is shown 
in Fig. 14 (a). The typical structure resulting from 
welding of this sample with carbon-molybdenum filler 
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metal is shown in Fig. 14 (6), and that from welding with 
25/20 chromium-nickel filler metal is shown in Fig. 
14 (c). 

The coarse grain structure obtained in this pipe ma- 
,terial as a result of the 2250° F. normalizing treatment 
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. 23—Structure from Weld Metal to Ac; Zone of Heat- 
Area in C-Mo Pipe Metal Containing a Single-Bead 
Weld Made with 18/8 Cr-Ni Electrode. 100 
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is shown in Fig. 15 (a). This treatment was intended to 
reproduce the structure that might result from heating, 
for the purpose of “upsetting” the pipeend. The typical 
condition of the fusion zone and the heat-affected area 
after welding the coarse-grained sample with carbon- 
molybdenum filler metal is shown in Fig. 15 (0), and 
after welding with 25/20 chromium-nickel filler metal in 
Fig. 15 (c). 

As shown by these figures the grain structure resulting 
from welding was nearly the same irrespective of prior 
grain size. However, prior grain size and structure may 
be of considerable significance with respect to suscepti- 
bility to graphitization, particularly in the zone at the 
extremity of the heat-affected area. This was pointed 
out by Emerson,” who reported that the graphitization 
that occurs in fine-grained pearlitic structures is usually 
of the nodular type, whereas the graphitization that 
occurs in coarse-grained Widmanstatten structures is 
usually of the ‘‘chain” type. 

While no distinct ‘‘chain’’ graphitization was developed 
during the course of the investigation discussed herein, 
the results obtained substantiate Emerson’s findings 
respecting the general type of graphitization to be ex- 
pected from both fine- and coarse-grained structures as 
shown in Figs. 16 and 18. The initial structure of the 
sample represented in Fig. 16 was fine-grained pearlite 
and the weld was carbon-molybdenum filler metal. The 
photomicrograph shows nodular and unconnected graph- 
ite somewhat concentrated in the zone at the extremity 
of the heat-affected area after 2800 hr. of test exposure. 
At the other side of the weld was a pipe section having a 
coarse-grained Widmanstatten structure. In 2800 hr. of 
test a distinct tendency to form “chain’’ graphite at the 
extremity of the heat-affected area was shown. (See 
Fig. 18.) 

The ability of austenitic chromium-nickel filler metal 
to prevent such concentration of graphite in the critical 
zone at the extremity of the heat-affected area is shown 
by comparing Figs. 17 and 19 with Figs. 16 and 18, 
respectively. A considerable amount of distributed 
nodular graphite was found in the sample shown in Fig. 
17. It should be noted, however, that while there are 
some graphite nodules in the heat-affected area, there is 
no concentration of graphite in the critical zone as there 
is in Fig. 16. Apparently the carbide-absorption tend- 
ency of the austenitic filler metal prevented the concen- 
tration of graphite in the critical zone. 

This is also demonstrated in Fig. 19, in which there 
is no graphite in the heat-affected area or critical zone 
of the weld made in coarse-grained material using 
austenitic filler metal. Although the “critical” grain- 
boundary type of transformation which appears to be a 
requisite for the serious “chain’’ type of graphitiza- 
tion’: 1! was present, study of the type of graphitization 
shown in Fig. 18 and absence of graphitization in the 
area shown in Fig. 19 afford evidence of the ability of 
austenitic chromium-nickel filler metal to prevent the 
formation of the ‘‘chain’’ type of graphitization during 
high-temperature service. Figures 20 and 21 show, at 
higher magnification, the typical form of graphite shown 
in Figs. 16 and 18. 


Concluding Comment 


This study has shown that austenitic chromium-nickel 
filler metal readily absorbs carbon and that this charac- 
teristic results in the removal of carbon from the heat- 
affected area of the pipe metal. Further, it is strongly 
indjcated that such filler metal will inhibit the formation 
of dangerous ‘‘chain” type graphitization in the critical 
zone during high-temperature service. 
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Although 18/8 chromium-nickel filler metal absorbed 
carbon more readily than did 25/20 chromium-nickel 
filler metal, the carbide-absorption tendency of the 25/20 
alloy was sufficient to prevent the formation of ‘‘chain”’ 
graphitization. Moreover, because of its greater struc- 
tural stability and lower coefficient of thermal expansion, 
the 25/20 alloy is more suitable for general use. 

In the case of austenitic welds in carbon-molybdenum 
steel pipe, the absorption of carbides by the filler metal 
and the carbon depletion of the pipe metal have no ad- 
verse effect on the notch toughness or tensile properties 
of the joint. Examination of such a weld after 20,000 
hr. of service at 925° F. indicated that no trouble would 
arise as a result of the 25% difference in coefficient of 
thermal expansion of the 18/8 chromium-nickel filler 
metal and the carbon-molybdenum steel pipe. How- 
ever, in case it is preferred not to violate usual design 
requirements, the results of foreign investigations?:* have 
indicated that, through modification of the chemical com- 
position, the coefficient of thermal expansion of 25/20 
chromium-nickel filler metal can be made approximately 
equal to that of ordinary pearlitic boiler steels. It is 
probable that the creep resistance of the heat-affected 
area adjacent to an austenitic weld in carbon-molyb- 
denum pipe may be reduced owing to carbon depletion. 
However, the high creep resistance of austenitic filler 
metal would compensate for this. 

Aside from the ability of austenitic chromium-nickel 
filler metal to inhibit the formation of the “‘chain’’ type 
of graphite adjacent to welds in carbon-molybdenum 
pipe, as demonstrated by these tests, such welds have 
good strength, ductility, notch toughness and creep 
strength, and require no heat treatment after weld- 
ing.**.8 These factors suggest the use of austenitic 
chromium-nickel welding as a possible procedure for the 
welding of joints in carbon-molybdenum steel pipe that, 
in high-temperature service, may be susceptible to graph- 
itization. In particular, this welding procedure may 
be adaptable to the rewelding of joints at which serious 
graphitization has occurred in service. 
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Discussion 


F. E. Foster.* Has the author considered the effect 
that absorbed carbide may have upon the austenitic 
weld metal? From what we now know of the diffusion 
of solids at high temperatures, there seems to be little 
doubt but what chromium-nickel austenitic steel de- 
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posited as weld metal will tend to absorb carbon over 
a period of time from any carbide concentration which 
has taken place in the heat-affected zone of welded 
carbon-molybdenum steel. It is possible, however, that 
the use of this reaction might result in alleviating one 
undesirable condition by substituting another. 

It is now the general practice to keep the carbon con- 
tent of chromium-nickel austenitic steels as low as com- 
mercially possible so as to avoid the intergranular em- 
brittlement that has been known to occur as a result of 
carbide precipitation. When these steels are intended 
for service temperatures in the order of 900-1300° F., 
additions of various elements have been necessary to 
stabilize the microstructure even when the carbon con- 
tent has been kept at a low level. Columbium has been 
the most successful stabilizer used so far, but even here 
it has been necessary to add 6 to 10 parts of columbium 
for every part of carbon in order to attain a stabilizing 
effect. Experience has shown that this balance must 
be maintained if the structure is to be held stable over 
a range of temperatures. Equilibrium conditions be- 
come increasingly complicated by the presence of car- 
bides as such, or in solid solution. At the present time 
a little better than 1% of columbium is the most that can 
be expected in filler metal deposited by commercial 
welding methods and this may be too small a quantity 
to balance properly the indefinite amount of carbon in 
the graphitized areas under discussion. 

The results of the physical tests made by the author 
appear encouraging but it should be’ borne in mind that 
short-time room-temperature tests of steels which are 
to be subjected to long-time high-temperature service 
can be very deceptive. If the mechanism of preventing 
the formation of graphite in welded carbon-molybdenum 
steel joints, as described by the author, depends upon the 
diffusion of carbides to the interface of the deposited 
chrome-nickel filler metal, and their absorption by the 
austenite, it would appear that there is a good pos- 
sibility of intergranular embrittlement occurring in the 
weld metal when it is subjected to service temperatures 
in the order of 900° F. over a long period of time. 


A. B. Kinzev,* The author is to be complimented on 
a research well conceived and ably carried out. That 
the use of the austenitic filler rod does absorb carbon and 
tends to prevent a formation of chain graphite, is well 
demonstrated. However, Fig. 17 in itself is sufficient 
to show that the degree of inhibition produced by the 
carbon absorption is insufficient to afford positive as- 
surance that difficulty in long-time service will not occur. 
Moreover, the basic problem involves the behavior of 
the pipe proper and under certain conditions of heat- 
treatment it might well be that the graphitization in 
question would occur still further from the weld. 

As a matter of practical engineering, it would appear 
that the sound solution is to use a steel not subject to 
the phenomenon in question. By having chromium 
present with the molybdenum in the steel of the pipe, 
graphitization will be entirely eliminated. There is 
considerable discussion as to the minimum amount of 
chromium necessary to so function but it is generally 
agreed that 0.75% is sufficient, and that somewhat less 
may serve the purpose. Such steel may present a slightly 
more difficult welding problem but not more so than can 
be readily handled. 


Henry J. Ropar.{ In the course of our study of 
graphitization, we too investigated the use of austenitic 
Cr-Ni welding rod, and while our investigation has not 

* Vice-President, Electro Metall Co., New York, N. Y. 
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been as comprehensive as the author’s, we have obtained 
some test data which indicate that further research js 
necessary. 

A specimen of fine-grained high-aluminum carbon- 
molybdenum steel containing a single-bead weld of 25°, 
chromium—20% nickel on its surface—was subjected 
to a temperature of 1000° F. for 1000 hr. The specimen 
used was a weld-probe sample that had been cut from a 
12.75-in.-O.D. by 1.312-in. pipe. The pipe was in the 
as-rolled, 1200° F., stress-relieved condition. The pipe 
steel had been killed with 1.8 lb. per ton of aluminum 
and contained 0.0283% of metallic aluminum. The 
single-bead weld was deposited at right angles to the 
long axis of the probe specimen. No preheat was used 
in welding. One-half of the welded specimen was given 
a stress relief of 1200° F. for '/, hr. before the 1000-hr. 
exposure. At the end of the 1000-hr. exposure both 
specimens showed graphite in the Ac; region of the heat- 
affected area. Graphite was of nodular type. Figure 
22 of this discussion shows the extent of the graphitiza- 
tion of the specimen having no stress-relieving heat- 
treatment. The specimens also showed a band of car- 
bide concentration in the weld metal at the fusion line 
and a carbon-depleted zone in the adjacent pipe metal. 
Figure 23 shows the structure, at X 100, from the weld 
metal to the Ac; zone of the heat-affected area. Note 
that the carbon depletion does not extend to the Ac, 
zone. 

The fact that graphitization occurred around the 
single-bead weld irrespective of carbon depletion would 
indicate that in a multipass weld the parent metal under 
the cover bead at least would not be immune to graphi- 
tization by the use of 25/20 chromium-nickel welding 
rod 


The photomicrographs shown in the paper do not 
indicate noticeable carbide depletion in the Ac; region 
of the heat-affected zone of the welds made with aus- 
tenitic welding rods. It is not then possible that the 
absence of graphitization is due not to carbide depletion 
but to some unknown carbide stabilizing effect? Again, 
if the carbide has not been stabilized it is possible that 
with further exposure to the test conditions this carbide 
would eventually graphitize. 


Author's Closure 


The author wishes to thank those who have com- 
mented on the suggestion of austenitic welding as a means 
of preventing the formation of dangerous chain-type 
graphitization. Although austenitic welding has found 
rather wide use in the chemical and petroleum indus- 
tries, it has received only limited use in steam-power 
plants, in which type of service it may have a number of 
practical uses. 

With respect to Mr. Foster’s question concerning the 
effect of absorbed carbide on the properties of austenitic 
weld metal, the author wishes to state that the effect 
has been considered. The carbide embrittlement of 
austenitic chromium-nickel steels is well known. That 
malady, however, appears to prevail principally in the 
wrought alloys where it can occur most readily because 
of the characteristic equiaxed grain structure. There 
appears to be very little evidence in the literature con- 
cerning carbide embrittlement in cast austenitic chro- 
mium-nickel alloys and this would include welds. An 
explanation of this may be that the heterogeneous grain 
structure of welds does not lend itself to the pronounced 
embrittling effect that may occur in wrought materials 
having an equiaxed structure. 

As mentioned in the early part of the paper, the 
author’s investigation was based upon a study of an 
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austenitic 18 chromium-8 nickel weld that had been 
made in a 5'/2-in. steam line carrying steam at 925° 
F. = 25° F. and 380 psi. The welded joint referred to 
had been in service for approximately 20,000 hr. during 
which time the piping had been cooled to room tempera- 
ture 42 times. A macrograph of a section through the 
joint is shown as Fig. 1 in the paper. Notched-bar 
tests were made on specimens machined from the joint 
and the results are given in Table 4. 


Table 4—Notch-Toughness at 70° F. of an Austenitic 
Welded Joint After Approximately 20,000 Hr. at 925° F. 


Charpy V-Notch 
Toughness, 
Ft. per Lb.* 
Location of Notch in Specimens Test Values Avg. 
(a) In 18/8 Cr-Ni welded metal, at center 60 
of weld 70 
78 69.3 
(b) At junction between filler metal and C- 
Mo pipe metal 110 
105 
190 135 
(c) C-Mo pipe metal unaffected by welding 110 
180 145 


* Specimens were 0.394 in. wide by 0.334 in. thick. Depth of 
metal below notch was 0.315 in.—the same as in a standard 0.394- 
in. square specimen. 


The results given in Table 4 show that the absorption 
of carbides by the austenitic filler metal and carbon de- 
pletion of the pipe metal had no adverse effect on the 
notch toughness of the joint. Similar results have been 
reported by others.?:*»® Furthermore, it should be 
pointed out that since the weld had been in actual serv- 
ice, it should be free of the limitations generally placed 
on laboratory test samples. The inclusion of columbium 
as a Stabilizer, as suggested by Mr. Foster, has been con- 
sidered and would be beneficial. The use of 25 chro- 
mium-20 nickel alloy rather than 18 chromium-8 nickel 
material would further improve such welds for the reason 
that 25-20 is more stable and has a lower coefficient of 
expansion. 

Mr. Kinzel’s comment that Fig. 17 shows, in itself, 
“that the degree of inhibition produced by the carbon 
absorption is insufficient to afford positive assurance 
that difficulty in long-time service will not occur’ is 
well taken. However, the same specimen as shown by 
Fig. 17 after 2800 hr. has been re-examined after a total 
of 6600 hr. of test heating at 1000-1160° F. and the 
structure was found to be substantially the same, i.e., 
scattered graphite nodules were observed in the heat- 
affected area as well as throughout the pipe metal un- 
affected by the heat of welding. There was no evidence 
of graphite segregation in the ‘critical’ area. The 


same type of pipe material welded with carbon-molyb- 
denum filler metal, which is shown in Fig. 16 at the end 
of 2800 hr., revealed an increased amount of graphite 
segregation in the “‘critical’’ area after an additional 
3800 hr. of test heating. This second examination of 
the samples showed the continued efficacy of the aus- 
tenitic filler metal in preventing graphite segregation 
in the “critical” area. 

It is agreed that the basic problem involves the be- 
havior of the pipe, as stated by Mr. Kinzel, and it is 
understood that steps are being taken to revise the 
A.S.T.M. specification to provide for a chromium- 
molybdenum high-temperature pipe material believed to 
be resistant to graphitization. However, a great deal 
of carbon-molybdenum pipe that is susceptible to 
graphitization is still in use and it is for the purpose of 
possible rewelding of graphitized joints in such existing 
steam lines that austenitic welding might prove useful. 

Mr. Robar’s comment that graphitization had oc- 
curred in his austenitic welded sample is in agreement 
with our finding as shown by Fig. 17 in the paper. How- 
ever, if Mr. Robar had continued his test for several 
thousand hours and had then compared results with a 
similar sample welded with carbon-molybdenum filler 
metal, he probably would have found no concentration 
of graphite in the Ac, region of the austenitic welded 
sample as shown by comparing Figs. 16, 17, 18 and 19. 

Studies that have been made of the phenomenon of 
graphitization indicate that it is accompanied by a con- 
centration of carbon in the Ac; region. An explanation 
of such carbon concentration is that the carbon prob- 
ably migrated to the ‘‘sensitized’”’ area. Our own studies 
of austenitic welding have definitely shown that if the 
carbon potential is reduced in the heat-affected area 
through absorption of carbon into the weld metal, 
graphite concentration does not occur in the Ac; region. 
This statement is based upon test results obtained from 
welded samples of Springdale and other pipe material 
teported on in the paper. After 6600 hr. of test heating 
the structure of the samples was essentially the same as 
that shown by Figs. 16, 17, 18 and 19. The only dif- 
ference was that in the areas shown by Figs. 16 and 18 
(welds made with C-Mo electrodes) the graphite nodules 
were larger and a greater concentration of graphite was 
evident in the Ac; region after the extended test heating. 

The occurrence of graphitization within the heat- 
affected area of the sample welded with austenitic filler 
metal, Fig. 17, is not unusual since it has been shown 
that the high-aluminum carbon-molybdenum steels 
readily produce dispersed graphite when in the fine- 
grained condition. Furthermore, in answer to Mr. 
Robar’s final question, it has not been suggested that 
austenitic welding would prevent graphitization through- 
out a pipe section. Test results have demonstrated, 
however, that austenitic chromium-nickel welding is an 
effective means of preventing harmful graphite segrega- 
tion in the low-temperature region of the heat-affected 
area adjacent to welds in carbon-molybdenum steel pipe. 
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Summary 


Fos NHIS paper is the third in a series dealing with the 

fundamentals of the aluminum brazing process. 

The first and second papers were published in 
THE WELDING JOURNAL in 1941 and 1943, respectively. 
In the present paper, the size and shape factors of fillets 
formed in various capillary environments have been 
considered and a number of relationships established by a 
trigonometric evaluation of the data. It has been shown 
that aluminum brazing alloys are inherently fillet- 
formers. The technical surface tension of several filler 
materials was determined by measurements of the size 
and shape factors of two vertical, competing fillets. 
Practical applications of the results obtained in this 
study have been discussed in relation to the design of 
joints for aluminum brazing. 


Introduction 


The aluminum brazing process has been closely de- 
pendent on the flow characteristics and capillary prop- 
erties of the aluminum brazing alloys, under the influence 
of specially compounded fluxes, on solid aluminum alloy 
surfaces. During the first developments of the light 
alloy brazing process, the importance of capillarity in 
fusion joining was recognized and efforts were made to 
find quantitative data in the literature relating to the 
free surface and interfacial energies of brazing systems in 
general. Although several workers concerned with the 
brazing of various metals, other than the light metals, 
had recognized the role of capillarity, there were prac- 
tically no quantitative data available for an exact 
analysis of the part which capillary laws play in deter- 
_mining the character and extent of flow of molten alloys 
on solid metal surfaces under conditions of equilibrium. 

An excellent qualitative interpretation of capillarity 
in the copper brazing of ferrous metals has been pre- 
sented by Webber.' Others have also considered capil- 
larity in joining processes, for example, Phillippi? with 
silver brazing alloys, Parker and Smoluchowski* with 
pure silver, and Earle* with soft solders. 

Recognizing the need for quantitative data in the de- 
velopment and interpretation of the aluminum brazing 
process, the Aluminum Research Laboratories undertook 
a series of investigations designed to explain the brazing 
process and to furnish fundamental information useful 
to the design of aluminum parts for brazing. It was 
appreciated that such fundamental information would 
be of interest to the whole field of fusion joining where 
over-all or local equilibrium conditions existed. 

Some of the early work on the flow of metal in brazing 

* Scheduled for the Twenty-Sixth Annual Meeting, A.W.S., October 1945. 
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aluminum was published® in Turis JouRNAL in 1941, and 
additional data on metal flow as regards the important 
engineering tool, “Aluminum Brazing Sheet’’ was pub- 
lished® in Tu1s JOURNAL in 1943. Additional data have 
been obtained during the past several years. 

As a result of the accumulated information on the 
theory® * and practice’~" of the aluminum brazing 
process, it appears possible to correlate previous data 
with recent results on fillet formation, and quantitatively 
to explain the brazing process on the basis of capillarity. 
Although these quantitative data are by no means com- 
plete, the direction which future studies should take is 
suggested by the various relationships established in the 
work described in this paper. 


The Aluminum Brazing Process 


Now firmly established as a commercial process, alu- 

minum brazing needs little introduction. In contrast 
to so-called ‘low-temperature’ joining methods, some 
of which are in reality soldering processes, and to the 
brazing of metals other than the light alloys which al- 
most invariably use a dissimilar joining material, alumi- 
num brazing as herein defined produces an all-aluminum 
product since the filler material is an aluminum-base 
alloy. 
Basically, there are three main procedures available 
for carrying out the aluminum brazing process. These 
are (a) torch brazing, whereby heat is locally, and often 
manually, supplied to the work by means of a gas flame, 
(b) furnace brazing, whereby the heat is supplied to the 
whole assembly by means of a furnace, and (c) dip braz- 
ing, whereby the heat is supplied by a molten flux or, 
less often, by a metal bath. Under optimum conditions, 
all three procedures are capable of attaining equilibrium 
conditions as far as metal flow is concerned. 

Sometimes it is undesirable to attain true equilrbrium, 
that is to say, metal flow may be restricted by perform- 
ing the operation close to the solidus temperature of the 
brazing alloy or by decreasing the time cycle to the point 
where incomplete flow is obtained. In this paper only 
equilibrium conditions will be considered since they lend 
themselves most readily to quantitative interpretation. 


Capillarity 


Capillary Laws.—The general law of hydrostatics 
states that a liquid will stand at the same level in two or 
more communicating vessels. When, however, one end 
of a capillary system, e.g., a fine-bore tube or two closely 
spaced parallel plates, contacts a liquid which wets the 
solid of the capillary system, the liquid will rise in the 
capillary, above its bulk level, in a manner not in accord 
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with the general law of hydrostatics. There are numer- 
ous other instances in which liquid surfaces, especially 
in proximity to solid surfaces, will assume forms and 
positions contrary to the laws of hydrostatics. These 
cases are treated under the general subject of capillarity. 

The most fundamental property of a liquid surface is 
its tendency to contract to the smallest possible area. 
In the absence of gravitational effect, Plateau’! has 
shown that liquid surfaces always assume a curvature 
which may be formulated as follows: 


1 1 
(1) 


where R; and R; are the principal radii of curvature at 
any point and k is a constant. It is a geometric fact 
that surfaces for which Equation 1 holds are’ surfaces of 
minimum area.’ | 

When a liquid surface becomes curved, the pressure is 
always greater on the concave side than on the convex 
side and this increase in pressure is a function of the 
curvature and the surface tension of the liquid. This 
arises from the fact that a displacement of a curved sur- 
face, parallel to itself, results in an increase in area as the 
surface moves toward the convex side. Work, of course, 
must be done to increase this area and this work is sup- 
plied by the pressure differential which moves the sur- 
face. Consideration of the energy changes, involved in 
such a surface displacement," leads to the Fundamental 
Equation of Capillarity, namely: 


1 1 
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where p; — 2 is the differential pressure, S is the surface 
tension, and R, and R, are the principal radii of curva- 
ture. Equation 2 permits calculations of the forms or 
shapes of liquid surfaces when the weight of the liquid is 
significant. This is possible because the pressure differ- 
ential can be expressed in terms of the height of the 
liquid in a capillary environment, above the general 
liquid level, and the density of the liquid. 

It is apparent that a characteristic property of a liquid 
in bulk is its surface tension or, more correctly, its inter- 
facial tension against the contacting surface, whether 
that surface be a gas, another liquid not miscible with it, 
or a solid. This tension is, under ordinary circum- 
stances, independent of the shape of the liquid surface. 

If a liquid rises in a capillary space, the curvature of the 
surface in this space determines the pressure immediately 
under the surface in accordance with Equation 2. The 
liquid assumes a position such that the weight of the 
column of liquid adjusts the pressure inside and outside 
the capillary space to equality. If a tube is considered, 
and the radius of the tube is so narrow that the curvature 
of the surface of the liquid is spherical, then: 


(3) 


where S is the surface tension, g is the gravitational 
constant, r is the tube radius, / is the height of liquid 
raised and d is the density of the liquid. 

The First Law of Capillarity states that the product of 
the height of rise and the radius of the capillary tube is 
approximately constant, or: 


hr =k (4) 


so that the Fundamental Equation of Capillarity can be 
written as follows: 


(5) 
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where rh is the so-called ‘‘capillary constant’’ and has the 
dimensions of area. It is an interesting fact that the 
square root of rh, namely a, when introduced into many 
of the formulas used for calculating the surface tension, 
S, greatly simplifies these formulas. 

Menisci.—lf a flat plate is dipped vertically into a 
liquid which wets the plate completely, the liquid will 
rise against the plate to assume a characteristic curved 
form which we call a meniscus. The pressure (which is a 
negative pressure) in the liquid at any height, y, can be 
written: 

p= —dgy (6) 
where d is the density of the liquid and g is the gravita- 
tional constant and the plane liquid surface is considered 
the reference surface for zero pressure and zero height. 
Consider a cross section of the meniscus at right angles 
to the plate; we let the maximum height of rise be 
denoted by yz, and choose some point on the curve such 
as a height, y,, above the level of the body of the liquid. 
Considering the energy change involved in the displace- 
ment of the surface to form the meniscus, it can be shown 
that: 


S cos 72 — S cos i; + '/2 gd (v2? — y:”) = 0 (7) 
and, since cos 7, is zero: 


gd (y2? — v1") (8) 
2 cos 


where i, is the angle which the tangent to point y, makes 
with the horizontal. ; 

Remembering that surface tension in dynes per cm. 1s 
numerically equivalent to free surface energy in ergs per 
sq. cm., it may be determined that the weight of the 
liquid raised above the horizontal plane passing through 
y1 is equal to S(1 — sin 7) and this must be equal to the 
area under the curve from y,; to y2 multiplied by gd. 
Furthermore, if the point, y;, is at zero height above the 
general liquid level, then 7; is zero and, as also shown by 
Lampert": 


S = Adg (9) 
where A is the area under the curve. But, from Equa- 
tion 8, under these conditions: 


= (10) 


and, therefore, the maximum height of rise is: 


Ip 
= (1 1) 
Ned 
The total area under the curve is, from Equations 9 and 
10, as follows: 


(12) 


bo 


This has been verified graphically. 

It is of fundamental importance that the form of this 
teniscus capillary surface is identical with that of the 
elastic curve, the curve formed by a uniform spring, 
originally straight, when its ends are acted on by equal 
and opposite forces applied to its ends. A curve of this 
type is shown by the spring wire in Fig. 1, along the solid 
line; it deviates from the theoretical curve at the lower 
end since the ends of the wire are fixed at a finite distance 
from the center. 

Fillets.—If at two solid surfaces, one horizontal and the 
other perpendicular to it, is placed a small amount of 
liquid, which wets the surfaces perfectly, at the junction 
of the two solid surfaces, the liquid will assume a char- 
acteristic shape which may be called a fillet. This shape 
is variable with the amount of liquid present, as well as 
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with the surface tension and density of the liquid. Fur- 
thermore, this shape is substantially retained when the 
liquid solidifies. With small amounts of liquid, the cross 
section of a fillet is a circular arc, as shown by the dotted 
line in Fig. 1. As the fillet approaches the maximum 
height possible for that liquid, as defined by Equation 11, 
its cross section deviates from the circular form and 
approaches the form of a meniscus. This will be dis- 
cussed in detail in later sections. For fillets of a size 
where the surface is substantially of a circular form, and 
when formed against a vertical surface, it can be shown 
trigonometrically that: 


R+w = V2R? (13) 


where R is the radius of curvature and w is the throat. 
It follows that: 


= 0.4R = OAy (14) 
where y is the height (or width) of the fillet: Geometric- 
ally, for such fillets, the area of the fillet is 0.43 times 


that of an isosceles right triangle with equal legs x and y. 
In other words: 


= = 


When expressed in terms of mi throat, the area is _ 
approximately by the equation: 


A = 1.34w’ 


0. 


= 0.215y2 (15) 


(16) 


Previous Work.—The fundamentals of capillarity were 
considered in a previous paper® in connection with the 
aluminum brazing process. Various practical formulas 
applicable to aluminum brazing were developed on the 
basis of measured surface and interfacial tensions of 
brazing alloys, and some consideration was given to the 
shape of fillets. Although the data available at that 
time were not as complete as at present, it was shown 
that the fillet height would not exceed a certain maximum 
which was related to the surface tension and density of 
the brazing alloy. It was also shown that for angles of 
inclination less than 90° for the vertical member, the 
metal assumed certain shapes characteristic of that angle 
of inclination. The present data substantiate the pre- 
vious conclusions and extend them into a quantitative 
sphere whereby definite relationships are shown, not only 
for the aluminum brazing system but also for other fusion 
joining systems which are allowed to proceed to an eqqui- 
librium condition. 
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Fig. 2—Macrograph at 15x of a Fillet of 0.165-cm. (0.065-in.) 
Height and Width Made by Flow of Brazing Alloy from 0.040-in.. 
Thick No. 22 Brazing S re Horizontal Position. Keller's 


Height and Width of Fillets —A microsection through 
a pair of typical fillets is shown in Fig. 2. This joint was 
formed by the flow of brazing alloy from 0.040 in. thick 
No. 22 Brazing Sheet. The shape of the fillets is almost 
perfectly circular, the height and width of the fillets 
being equal. The Brazing Sheet referred to in this 
paper is a duplex product comprising an aluminum alloy 
core with a thin layer of aluminum brazing alloy on one or 
both faces. A large number of measurements of alumi- 
num brazing alloy fillets has shown that small fillets have 
equal widths and heights. The results of measurements 
on nearly 1000 fillets are shown in Fig. 3. It can be seen 
that in aluminum brazing, the fillets assume a circular 
cross section up to a height of about 0.15 in.; thereafter, 
the width becomes gradually greater than the height. 
The height approaches a maximum value of 0.30 in. 
This value agrees with that calculated by Equation 11, 
when using 650 dynes per cm. as the surface tension of 
the aluminum brazing alloys.’ Stating this another 
way, if the value of 0.30 in. is used in Equation 10, which 
it should be noted must be used with metric urlits, we 
obtain a value for the surface tension of 650 dynes per 
cm. This value is in agreement with that previously 
obtained® by the capillary rise method. 


Metal Distribution Between Competing Capillaries 
In practice, most brazing applications involve more 
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HEIGHT OF FILLET, y, IN INCHES 


0.080 0.169 0.240 0.320 0.400 0.480 0.560 0.640 0.720 0.800 0.880 
WIDTH OF FILLET,X,IN INCHES 


Fig. 3—Height Versus Width of Horizontal Fillets at 90° oon 
for Aluminum Brazing Alloys. Based on Measurements of 
early 1000 Fillets 
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Table 1—Calculated and Measured Dimensions on Fillets in Computing Capillaries of Angles Whose Sum Is 180° and Whose 4 


Cross-Sectional Area Is Constant at 0.09 Sq. Cm. (0.014 Sq. In.) : Oy 
e- 
Radians Cale. Meas 
0. 0. 0. 0. 0. 0. 0. 0. ; . . 0. 0 4 
0. 0.7 0. 0. 0. 0. 0. 0. 0. ; 0. 0. 0 ay 
0: 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0 ; 
0. 0. 0. 0.6 0. 0. 0. 0. 0. 0. 0. 0. 0. 0 
1. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0 % 
1. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0 nas 
1. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0 fae 
1. 0 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.4: 0. 0 one 
e 0 0. 0. 0. 0. 0. 0. 0. 0. 0. 0 0 0 * 
1. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0 
2. 0. 0. 0. 0. 0. 0. 0.43 0. 0. 0. 0. 0. 0 


* See Fig. 1 for meaning of symbols. f 
+ See discussion of Table 1 and Fig. 1 for method of oteriating variables. m 
{ From photomicrographs of sections through joints made at 10 X ; measured to nearest millimeter at 10X. 


Fig. 4—Macrograph at 8X of a Furnace Brazed Joint in 0.064- Fig. 5—Macrograph at 8X of a Furnace Brazed Joint in 0.064- 2 ? : 
In.-Thick. 3S Aluminum Sheet Made with No. 716 Brazing In.-Thick 3S Aluminum Sheet Made with No. 716 Brazing £¢ 
Wire. Horizontal Position. Keller's Etch Wire. Horizontal Position. Keller's Etch * 


than one capillary environment and in the majority of 
cases at least two capillary spaces are connected. Thus, 
when the molten metal flows, it must distribute itself in 
strict accordance with capillary laws if the system is at 
equilibrium. In order to obtain sufficient data to ex- 
press competition between capillaries in a quantitative 
manner, molten brazing alloy was permitted to distribute 
itself between two connecting capillary environments 
and assume an equilibrium shape. After solidification, 
the joints were sectioned and photographed at a suitable 
magnification. The desired measurements were then ae 
made on the photographed sections. 
Fillets at Angles Whose Sum Is 180° .—For these condi- 
tions competing horizontal capillaries were formed on : 
either side of a vertical sheet of 3S aluminum and, with a 


constant volume of No. 716 Brazing Wire, the angle of Fig. 6—Identification of Dimensions Measured on Horizontal 
inclination of the vertical sheet on the horizontal or base Fillets at Angles with Sum of 180° 


Table 2—Measured Values for Angle Pairs on Fillets in Competing Capillaries of les Whose Sum Is 180° and Whose 
Cross-Sectional Area is Constant at 0-09 Sq. Cm. (0.014 Sq. M.) 


Estimated Correction for 
Angle Pair, ig — i, Metal Under Vertical Section, Corrected Total Area, 
Deg. ; R,, Cm. Ym 2, Cm. R: + 20, Cm. Sq. Cm. Sq. Cm. 
22-158 0.006 0.072 
25-155 0.007 0.081 
35-145 0.008 0.078 
40-140 0.009 0.089 : 
60-120 0.089 
73-107 
80-100 
90-90 
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Table 3—Measured Dimensions at Fillets in Competing Capillaries of Angles Whose Sum Is 180° and Whose Total Cross. 
Sectional Area Is Variable 


Intended Total 


t —~ Cross-Sectional A,t 
Degrees Radians Area, Sq. Cm. x, Cm. Cm Cm. Bi Ce w,Cm. Ym,Cm. Sq. Cm. 
58 1.012 0.046 0.35 0.35 0.20 0.20 0.20 0.22 0.32 0.05 0.027 
58 1.012 0.092 0.54 0.52 0.30 0.30 0.30 0.32 0.45 0.08 0.066 

58 1.012 0.229 0.90 0.72* 0.50 0.50 0.50 0.53 0.60 (0.14) 0.183 
122 2.129 0.046 (0.17)¢ (0.17) (0.14) (0.31) (0.26) (0.04) (0.14) eee 0.005 
122 2.129 0.092 (0.26) (0.26) (0.22) (0.47) (0.40) (0.07) (0.22) 0.011 
122 2.129 0.229 0.38. 0.38 0.30 0.68 (0.58) 0.09 0.30 0.026 


* Contact angle present along z; not at equilibrium. 


7 Values in parentheses calculated from: @;x; = 6ox%2 where @ is 7 in radians 
R 


= x tan !/o 
y = z sin (180 — 4) 
— sin 1/s1) 


sin 


w 


4 = x + 2 cos (180 — 7,); Note: & is largest angle of pair 
R 


v= 
aR? (180 — i). 
360 


tan '/.(90 + 1) 


t Calculated from A = xR — 


‘ “THEORETICAL” BASED ON 
180° AND X=0.42 
AT 90° 
0.70 O=x MEASURED 
O=Z MEASURED 
= 
= 0.60 
z 
z 0.50 
0.40 
— 
= 0.30 
= 
x 0.20 
o j 
= J 
= 0.10 
0 
0 20 40 60 80 100 120 140° 160 180 200 


ANGLE OF INCLINATION ,i,IN DEGREES 


Fig. 7—Width of Fillets Versus Angle of Inclination for Hori- 
zontal Fillets at Angles with Sum of 180°. Total Cross-Sec- 
tional Area, 0.090 Sq. Cm. (0.014 Sq. In.) 


sheet was varied. No. 53 Brazing Flux was used in all 
cases and the brazing temperature was 1085° F. Sec- 
tions through this type of specimen are shown in Figs. 4 
and 5, at two different angles of inclination of the vertical 
sheet. The various measurements which were made on 
this type of specimen are shown in Fig. 6 and the results 
of the measurements are given in Tables 1 and 2. 

The total cross-sectional area of both fillets, based on 
the volume of brazing alloy used, was 0.09 sq. cm. (0.014 
sq. in.). Since at an angle of inclination of 90°, the 
height and width of the fillet were equal, namely, 0.42 
cm. (0.17 in.), the fillets should have an approximately 
circular shape in cross section since they fall in the low 
range of the curve of Fig. 3. Assuming that there is an 
approximately linear relationship between width (or 


height) of fillet and angle of inclination, a straight line 
was drawn through zero width at 180° inclination and 
0.42 em. (0.17 in.) width at 90° inclination, as shown in 
Fig. 7. It can be seen that the measured values of x and 
z fall along this line, showing that the relationship is 
approximately linear in this range. 

Using this a& a basis, it is possible to employ simple 
trigonometric relationships to calculate all other dimen- 
sions. The equations are as follows: 


= where @ is 7 in radians (17) 

s= x (18) 

yo = Ry (19) 

V1 = % sin (180 — 1%) (20) 

R = x tan '/9 (22) 

te = Ry (23) 

th = + % COS (24) 

Ym. = SiN (25) 

Ym = % sin (180 — %) (26) 

R 

* = tan '/,(90 + 4) (27) 

Ri = Ym, = Rz + 2v (28) 
— 4 

“360 (29) 


It should be apparent that all values can be calculated 
from x (or z) andi. These calculated values are shown 
in Table 1 in comparison with the experimental values 
and it can be seen that the agreement is very good. 

In order to determine the effect of increasing volume 
of filler metal, tests were made at several volumes and a 
constant angle of inclination, using the same materials 


Table 4—Measured Values for Angle Pairs on Fillets in Competing Capillaries of Angles Whose Sum Is 180° and Whose 


Cross-Sectional Area Is Variable 


Angle Pair, 


Estimated Correction 
for Metal Under Vertical 


Corrected Total Area, 


Intended Total Area, 


ig — Deg. u,Cm. Ry, Cm. Cm. + 27, Cm. Section, Sq. Cm. Sq. Cm. Sq. Cm. 
58-122 0.15 0.31 0.32 0.30 - 0.008 0.040 0.046 
58-122 0.18 0.47 0.45 0.46 0.009 0.086 0.092 
58-122 0.20 0.68 0.60 0.78 0.010 0.219 0.229 
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O-TOTAL AVAILABLE AREA 0.046 $Q.CM.(0.007 
S-TOTAL AVAILABLE AREA 0.229 SQ.CM.(0.036 SO. IN.) 
O-TOTAL AVAILABLE AREA 0.090 50. IN.) 


PTOTAL AVAILABLE AREA 


TOTAL AVAILABLE AREA 
2 l 
40 60 80 100 120 40 160 180 200 220 
ANGLE OF INCLINATION, i > 'N DEGREES 


Fig. 8—Variation of Cross-Sectional Area per Fillet with foe 
of Inclination for Horizontal Fillets at y oa with Sum of 180° 


~ 


CROSS SECTIONAL AREA PER FILLET, A,IN SQ. CMS. 


and procedure as used in the constant volume tests. The 
results are given in Tables 3 and 4 and are shown graphi- 
cally in Fig. 8. The molten metal distributes itself in 
accordance with the relationships presented in preceding 
paragraphs. 

Fillets at Angles Whose Sum Is Less Than 90°.—A 
different type of specimen was used for these tests and a 
section through such a specimen is shown in Fig. 9. As 
previously, the sheet was 3S aluminum and the flux was 
No. 53 Brazing Flux; two filler materials were studied, 
No. 716 and No. X-717 Brazing Wires. The brazing 
temperature was 1085° F. and the time in the furnace was 
long enough to insure equilibrium. The fillets were 
formed in a horizontal position. The quantities meas- 
ured are shown in Fig. 10 and the results are summarized 
in Table 5. The relationships which apply to these 
capillaries are those given in Equations 17, 18, 19, 21, 22, 
23, 25, 27 and 29 of the preceding section. Equations 
20, 24, 26 and 28 do not apply since none of the angles is 
greater than 90°. 

In order to compare the fillet characteristics of other 
systems with those of the aluminum brazing system, the 
results given in Table 6 were obtained. These other 
systems were lead-tin solder on yellow brass and on mild 
steel, brazing brass on mild steel and copper on mild steel, 
an appropriate flux, temperature and time being used to 
obtain equilibrium. A section through a soft soldered 


_ joint on yellow brass is shown in Fig. 11 and through a 


copper joint on mild steel in Fig. 12. 

It will be noted from these results that the soldered 
systems do not fall in line with the true brazing systems. 
For the soldered systems, the maximum height of fillet 
is obviously being approached, and the fillet shape has 


Fig. 9—Macrograph at 5 of a Furnace Brazed Joint in 0.064- 
In.-Thick 3S Aluminum Sheet Made with No. 716 Brazing 
Wire. Vertical Position, with Larger Angle Up. Keller's Etch 


Fig. 10—Identification of Dimensions Measured on Horizontal 
or Vertical Fillets at Angles with Sum Less than 90° 


deviated from the circular form in cross section, even at 
the small cross-sectional area of 0.09 sq. cm. (0.014 sq. 
in.). This important difference between soldering and 
brazing will be discussed in more detail in later sections. 
Figure 13 shows the relationship between width of 
fillet and angle of inclination for the various systems 
studied. It can be seen that all of the systems fall along 
the average curve reasonably well. The values from 
Equation 17, 0:x, = 62x2, for all the systems studied are 
shown in Table 7. The values in the majority of cases 


Fig. 11—Macrosection at 4X of a Soldered Joint in 0.064-In.- 
Thick Yellow Brass Sheet Made with 50% Lead-50% Tin 
Solder. Horizontal Position. As-Polished 


agree with this equation, even though two different types 
of joints, three different volumes of filler material and 
six different metallic systems were used. 

From trigonometry, it is observed that: 


c = 2x sin '/ (30) 


where x is the width of the fillet and c is the clearance be- 
tween the plates from x toz. Except in a few cases, the 
following equation appears to be satisfied. 


aR; = @R: (31) 


Values for cR could not be obtained for the soldered joints 
since the radius of curvature could not be measured. 

It should be noted that both Equations 17 and 31 are 
capable of derivation from Equation 2. 


Fig. 12 oy at 5X of a Furnace Brazed Joint in 0.064- 


In.-Thick Mild Steel Made with Pure Copper in a Hydrogen 
Atmosphere. Horizontal Position. As-Polished 
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Table 5—Measured Dimensions on Fillets in Competing Capillaries of 
Cross-Sectional Area Is Constant at 0.09 Sq. Cm. (0.014 Sq. In.)—Horizontal 


Brazing 4 
Wire Degrees Radians x, Cm. z, Cm. y, Cm R, Cm t, Cm. w, Cm. y, Cm. 
716 12 0.210 1.08 1.08 0.11 0.11 0.11 0.98 0.20 
38 0.665 0.37 0.37 0.13 0.13 0.13 0.22 0.22 
716 18 0.315 0.74 0.74 0.12 0.12 0.12 0.62 0.23 
43 0.753 0.40 0.39 0.16 0.16 0.16 0.26 0.26 
716 17 0.298 0.73 0.73 0.11 0.11 0.11 0.63 0.22 
47 0.823 0.29 0.29 0.14 0.14 0.13 0.20 0.23 
716 17 0.298 0.73 0.73 0.12 0.12 0.12 0.64 0.22 
48 0.840 0.26 0.26 0.12 0.12 0.12 0.17 0.20 
X-717 = 0.210 0.95 0.95 0.11 0.11 0.11 0.83 0.21 
33 0.578 0.34 0.35 0.10 0.10 0.10 0.26 0.18 
X-717 19 0.333 0.7 0.76 0.13 0.13 0.13 0.63 0.20 
45 0.7 0.32 0.32 0.14 0.14 0.14 0.22 0.23 


v, Cm. 
0.08 


S 


Angles Whose Sum Is Less Than 90° and Whose Tota! 


u, Cm. 
0.18 
10 
07 0.18 
08 -4 
06 0.20 
.07 
05 0.20 
09 
07 0.18 
.10 
.08 0.22 


Table 6—Measured Values for Fillets in Com 
Cross-Sectional Area Is Constant at 0.096 


Soldering or 


ting Capillaries of A 


les Whose Sum Is Less Than 90° and Whose Total 
. Cm. (0.014 Sq. In.)—Horizontal Position for Various Brazing Systems 


Base Sheet Brazing Wire Flux i, Deg. x,Cm. 2z,Cm. y,Cm. R,Cm. #¢,Cm. w,Cm. yxn,Cm. 2, Cm. xu, Cm. 
Yellow brass 50Pb-50Sn ZnCl, 24 0.67 0.53 0.15 ws 0.20 0.61 0.21 0.04 ov 
45 0.33 0.27 0.15 ts 0.15 0.20 0.20 “~~ 0.36 
Yellow brass 50Pb-—50Sn ZnCl, 10 1.05 1.03 0.11 ? 0.07 0.97 0.16 
54 0.17 0.16 0.08 ? 0.09 0.10 0.13 sh 0.33 
Mild steel 50Pb-50Sn ZnClh 14 0.92 0.84 0.10 ? 0.16 0.77 0.20 0.05 * 
52 0.20 0.20 0.08 ? 0.13 0.12 0.15 0.04 0.33 
Mild steel 50Pb-50Sn ZnCl, 22 0.76 0.68 0.13 ? 0.20 0.58 0.24 0.08 4) 
48 0.36 0.31 0.13 ? 0.17 0.21 0.23 0.05 0.33 
Mild steel Brazing brasst Borax 10 0.84 0.84 0.08 0.08 0.08 0.79 0.15 0.05 y 
58 0.15 0.15 0.08 0.08 0.08 0.09 0.15 0.05 0.40 
Mild steel Brazing brass Borax 24 0.55 0.55 0.13 0.13 0.11 0.47 0.23 0.07 y 
45 0.25 0.25 0.12 0.13 0.11 0.20 0.19 0.07 0.28 
Mild steel Copper Hydrogen 10 1.03 1.03 0.09 0.09 0.09 0.93 0.17 0.08 56 
60 0.13 0.13 0.09 0.09 0.08 0.09 0.13 0.03 0.44 
Mild steel Copper Hydrogen 32 0.47 0.46 0.15 0.15 0.13 0.37 0.24 0.04 = 
56 0.27 0.27 0.15 0.15 0.13 0.16 0.23 0.04 0.60 
* Maximum height of fillet being approached and shape is not spherical; i.e., x is greater than 2. 
+ Composition: 75 copper-25 zinc. 
Table 7—Comparison of Aluminum and Other Systems 
Competing Type Total 
Angles, Deg. (Horizontal ————System———— Cross-Sectional 
te Fillets) Sheet Filler Flux Area, Sq. Cm. Cm. Cm. Sq.Cm. Sq. Cm 
45 24 i: + ig < 90° Brass 50Pb-50Sn ZnCl.-NH,Cl 0.092 0.26 0.28 vat ore 
54 10 i; + i2 < Brass 50Pb-50Sn ZnCh-NH,Cl 0.092 0.16 0.18 
52 14 i; < 90° Mildsteel 50Pb-50Sn. ZnCl.-NH,Cl 0.092 0.18 0.23 be 
48 22 i; + ig < 90° Mild steel 50Pb-50Sn ZnCl,-~NH,Cl 0.092 0.30 0.29 Sale 7 
58 10 i) + ip < 90° Mild steel Brass Borax 0.092 0.15 0.15 0.012 0.012 
45 24 i, + ig < 90° Mild steel Brass Borax 0.092 0.20 0.23 0.025 0.030 
60 10 4 + tg < 90° Mild steel Copper Hydrogen 0.092 0.14 0.18 0-012 0.014 
56 32 i; + i2 < 90° Mild steel Copper Hydrogen 0.092 0.26 0.26 0.038 0.039 
38 12 h+i<90° 3S 716 No. 53 0.092 0.22 0.21 0.024 0.021 
47 17 i +i < 90° 35 716 No. 53 0.092 0.24 0.22 0.032 0.024 
48 17 i, +i, < 90° 35 716 No. 53 0.092 0.22 0.22 0.025 0.026 
43 18 i, +i. < 90° 35S 716 No. 53 0.092 0.30 0.23 0.047 0.028 
33 12 4, + #2 < 90° 35S X-717 No. 53 0.092 0.20 0.20 0.019 0.022 
45 19 i +i < 90° 35S X-717 No. 53 0.092 0.25 0.24 0.034 0.033 
90 90 i, + i: = 180° 3S 716 No. 53 0.092 0.66 0.66 0.25 0.25 
100 80 i; + ig = 180° 35S 716 No. 53 0.092 0.65 0.66 0.25 0.24 
107 73 i, + 2 = 180° 35S 716 No. 53 0.092 0.56 0.64 0.20 0.21 
120 60 i; + t2 = 180° 35S 716 No. 53 0.092 0.52 0.59 0.19 0.18 
122 58 i, + 4, = 180° 3S 716 No. 53 0.092 0.55 0.55 O21.” 6.16 
122 58 4; + i. = 180° 3S 716 No. 53 0.046 0.36 0.35 0.092 0.068 
122 58 i, + ig = 180° 35 716 No. 53 0.229 0.81 0.91 0.45 0.44 
* @ is angle in radians; 1° = 0.01745 radian. 


te = 2x sin 1/si. 
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Table 8—Measured Values for Fillets Between a Curved and Flat Surface Such as a Tube to Sheet Joint No. 716 Brazing 
Alloy and No. 53 Flux 


Intended A, Each 


R, Cm. Fillet, Sq. Cm. 4, Deg. x,Cm. 2,Cm. y,Cm. m,Cm. w,Cm. 4,Cm. & Cm. r, Cm. 
0.515 0.0258 70 0.68 0.34 0.24 0.32 0.14 0.20 0.46 0.22 0.24 
0.685 0.0258 55 0.68 0.34 0.18 0.28 0.10 0.24 0.50 0.18 0.18 
1.050 0.0258 40 0.72 0.36 0.14 0.24 0.06 0.30 0.58 0.14 0.14 
1.323 0.0258 35 0.76 0.38 0.12 0.24 0.06 0.32 0.64 0.12 0.12 
1.667 0.0258 30 0.90 0.45 0.10 0.22 0.05 0.38 0.70 0.10 0.10 
1.050 0.0516 60 1.12 0.60 0.32 0.50 0.14 0.32 0.80 0.32 0.32 
1.667 0.0516 40 1.14 0.60 0.32 0.40 0.10 0.44 0.94 0.32 0.32 
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Fig. 13—-Width of Fillets Versus Angle of Inclination for Hori- 
zontal Fillets at Angles with Sum Less Than 90°. Total Cross- 
Sectional Area, 0.090 Sq. Cm. (0.014 Sq. In.) 


Fillets Between Plane and Curved Surfaces.—A condi- 
tion often met with is the formation of fillets between 
plane and curved surfaces. The microsection shown in 
Fig. 14is atypical example. Using 3S aluminum tubular 
sections of various diameters, placed horizontally on a 
flat sheet of 3S aluminum, brazed joints were made with 
No. 716 Brazing Wire and No. 53 Brazing Flux at 
1085° F. After sectioning and photographing, various 
measurements were made on the cross section. The di- 
mensions measured are shown in Fig. 15 and the results 
are given in Table 8. 

From various trigonometric relationships, it is found 
possible to calculate all the variables if the radius of the 
tubular section, R, and the angle of inclination of the 
tangent, 7, are known. The equations are as follows: 


(32) 
yeh=r (33) 
Ym = (34) 
= 2(1 + cos 7) (35) 


i 1 — sin '/,(180 — 2) 
R| sin '/,(180 — 2) (36) 


UW = sin = (37) 
L—sin (90 — 4) 
mr RI + sin (90 — (38) 
It can be seen, in Fig. 15, that the tangent cuts the fillet 
into two parts, each having the same form as the fillets of 


Fig. 6. The relationship between R, or r, and i for two 
different cross-sectional areas is shown ir Fig. 16. 
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Surface Tension from Fillets 


Vertical Fillets—Imagine a specimen such as shown in 
Fig. 10 placed in a vertical position so that the flat base 
sheet is perfectly vertical, the smaller angle faces upward 
and the larger angle faces downward. It is apparent 
that an equilibrium position can be attained through the 
opposing force of gravity. Since, at equilibrium, equal 
pressures must exist at any point in the body of the 
molten phase, in accordance with Equation 2, the differ- 
ence in pressure through the fillets must be equal to the 
product of the density of the liquid phase, the gravita- 
tional constant and the length of the liquid column. 
Since the pressure through each fillet at a clearance, c¢, is 
given by: 


P= — (39) 


in accordance with Equation 2, where c replaces R, we 
may write as an approximation: 
2S 32S 


— — — = dg(w, + wv. + u) (40) 


— Ce) 


(41) 


where c is given by Equation 30 and (w,; + w. + u) is the 
approximate length of the liquid column. It should be 
noted, as previously mentioned, that the shape of the 
space between the two fillets can be completely neglected. 

It is at G6nce apparent that these competing vertical 
capillaries may be used to determine the surface tension 
of the liquid phase. It is only necessary to allow the 
molten phase to solidify in the equilibrium position, sec- 
tion through the fillets, photograph or project the image 
on a screen at a suitable magnification, and measure the 
required dimensions. It was not expected that the re- 
sults would be exact since numerous minor variables 
exist, but it was considered of interest to determine 
whether or not the values would have the correct order 
of magnitude. 


Fig. 14—Macrograph at 30 of a 0.007-In.-Thick No. 2 Brazing 
Sheet Joint Consisting of ——— Plane Surfaces. Keller's 
to 
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Table 9—Technical Surface Tension for Several Systems 


Dynes per Cm. 
Competing 
Literature Ref. 


Approx. Surface Tension— 


Calc. 
c—Cm. 


sin 


Flux 


Area 
of Fillets, 


Total Cross- 
Sectional 
Sq. Cm. 


Density 
Filler 
Alloy 


Temp., 
°F 


Filler 
Alloy 


Base 
Metal 


Anglest 


(4) 
(5) 
(13) 


330 
690 
1103 


260 
630 
960 


1385 
3401 


0541 
2113 


0872 0 
4226 0 
1651 0 
3827 C 
1822 0 
4147 0 


0 


40 0 


0 


20 0 


0 


44 0 


Corr 


No. 53 
Hz 


0.03* 
0.09 
0.09 


8.5 
2.5 
8.0 


500 
1085 
2000 


2 y 
2 ™ 
& 
S26 
n Mm. 


* If more solder were used, it would drain down, due to low surface tension and high density. 


+ Not corrected for metal in menisci. 
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Fig. 15—Identification of Dimensions Measured on Horizontal 
Fillet at Curved and Plane Surfaces 


Surface Tension of Several Filler Materials.—Three 
systems of widely different surface tensions were chosen 
for the determination, these systems being 50Pb-50Sn 
solder on mild steel, No. 716 Brazing Wire on 3S alumi- | 
num, and copper on mild steel. The specimens were 
joined in the manner previously indicated and the 
measurements made on photographs of sections through 
the fillets. The angle of inclination was measured to the 
nearest degree and the linear dimensions to the nearest 
0.01 cm. (0.004 in.). The surface-tension values were 
then calculated by means of Equation 41. The results 
of the measurements and of the calculations are given in 
Table 9, together with values for the surface tension ob- 
tained from the literature. 

All of the experimental values are slightly lower than 
obtained by other methods but the order of magnitude is 
correct, indicating that with refinements in technique 
and corrections to the equation the procedure should 
yield surface-tension values at least suitable for technical 
calculations. It should be noted that only a small vol- 
ume of solder could be used for that system since if more 
than about 0.03 sq. cm. (0.005 sq. in.) cross-sectional 
area were used, the solder drained away. This property 
of solders, which distinguishes them from brazing alloys, 
will be discussed in the next section. 

Fillet Formation in Various Systems.—It should be 
apparent from Equations 4 and 10, and the data already 
presented, that under equilibrium conditions such as 
obtained in furnace and flux bath brazing the best fillet- 
formers will be those filler materials which have a low 
density and a high surface tension. Not only will such 
filler materials flow through long laps, in the absence of 
hindering actions such as intersolubility, but if enough 
alloy is supplied to the joint, they will also form generous 
reinforcing fillets at the edges of the joints. 


24 
O-R FOR A=0.0258 50.CM.(0.00450, 
O-R FOR A=0.0516 $Q.CM£0.008 SQ. 
w 20 @- SQ. 
FOR A=0.0516 SQ. CM.L0608 SQN.) 
w 1.6 
2 
w 1.2 
z 
~ 
0.8 ~ 
= 0.4 =< 
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Fig. 16—Radius of Tube or of Fillet Versus Angle of Inclination 
of Tangent for Horizontal Fillets at Curved and Plane Surfaces 
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Table 10—Relative Fillet Formation for Several Filler Materials 


Filler Material S, Dynes per Cm. d, G. per Ce. 2S/gd, Cm. Max. Height of Fillet, Cm. Remarks 
2s/ed = 
50Pb-50Sn 330 8.5 0.079 0.28 Very poor fillet-former 
Water 72 1.0 0.147 0.39 Poor fillet-former 
Zine 750 6.7 0.230 0.48 Fair fillet-former 
Copper 1100 8.0 0.280 -. 0.53 Fair fillet-former 
No. 716 690 2.5 0.563 0.75 Good fillet-former 


~ * Similar to square root of ‘“‘Capillary Constant.” 


In Table 10 are given some values for the maximum 
height of fillets for several filler materials. It is now 
seen that ordinary soft solder is a very poor fillet-former, 
even poorer than water against a wettable surface. Of 
the materials listed, No. 716 Brazing Wire is the best 
fillet-former, with zinc and copper falling into an inter- 
mediate position. The results are shown graphically in 
Fig. 17. 

The only condition under which solders form large 
fillets is when equilibrium has not been attained, for 
example, ‘‘wiped”’ solder joints. In brazing with copper 
in reducing atmospheres, rather small fillets are formed 
and generally they are kept as small as possible, mainly 
because of appearance, 1.e., absence of color match be- 
tween steel and copper. The aluminum brazing alloys 
are substantially aluminum, the color match being ex- 
cellent. In aluminum brazing, then, it is possible to take 
full advantage of fillet formation without danger of ad- 
verse effect on appearance. 
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Fig. 17—-Maximum Height of Fillets for Various Systems as a 
Function of the Surface Tension and Density 


Small fillets, particularly in the case of T-sections, re- 
sult in dangerous concentrations of stress. Full fillets, 
such as are possible with aluminum brazing, permit a 
reduction of stress concentration without impairment of 
appearance. In fact, a full fillet of symmetrical shape, 
such as results from the action of surface tension, actually 
contributes to appearance by avoiding sharp angles and 
producing a smooth contour. It is a happy coincidence 
that the best fillet-formers, aluminum brazing alloys, 
should also produce a perfect color match with the 
parent aluminum alloy. 


Interfacial Tension 


_ Strictly speaking, the so-called surface tension is an 
interfacial tension, since a gaseous phase may be con- 
sidered as an immiscible fluid. Furthermore, this ten- 
sion exerted against a second phase, be it gas, liquid or 
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Fig. 18—Relationship Between Capillary Rise, Density Dif- 
ference, Interfacial Tension and Clearance 


solid, is independent of the shape of the surface, as pre- 
viously pointed out. In common usage, surface and 
interfacial tensions of the classical variety refer to phases 
in bulk. 

In the preceding discussions and in previous work,’ the 
surface tension of the aluminum brazing alloys has been 
determined in the presence of a small amount of flux in 
order that the tenacious and solid oxide film would be 
removed and the molten alloy would exhibit more nearly 
its true free surface energy. Although the values ob- 
tained may not be absolute, they nevertheless are those 
which apply to the commercial use of the aluminum braz- 
ing process. Perhaps, then, the values could appropri- 
ately be referred to as the “technical surface tension.”’ 

It has been pointed out in a previous publication® that 
the rise of the brazing alloy in a tube or between two 
plates, in flux bath brazing, is assisted by the buoyancy 
effect of the flux. This follows from the fundamental 
equation for capillary rise which may be written as 
follows: 


S = = (42) 


where d; is the density of the heavier phase and dz is the 
density of the lighter phase. 


lll-s 
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Flux Bath Brazing and Buoyancy Action of Flux.—In 
the flux bath brazing of the aluminum alloys, the as- 
sembled part is placed in a bath of molten flux which not 
only supplies the necessary heat but also removes the 
oxide film and permits wetting of solid metal by molten 
filler material. The density of the flux is greater than 
that of air so that there is a certain buoyancy effect on 
the brazing alloy. 

It follows from Equation 42 that the height of rise of 
brazing alloy in flux bath brazing will be greater than in 
furnace brazing and this additional rise is a function of 
the density difference, as expressed by the following 
equation : 

2S 
— ds) 


As d, becomes larger, (d; — d2,) becomes smaller and A 
becomes greater. Figure 18 shows the variation in 
capillary rise with difference in density of brazing alloy 
and flux. The curves are identified in Table 11. 


Table 11—Identification of Curves in Fig. 22 


Clearance Between 
Curve No. Plates, Cm. 


1 0.1 


Interfacial Tension, 
Dynes per Cm. 


These considerations, however, apply only to the 
capillary rise while the part is totally immersed in the 
flux bath. Under conditions where capillary environ- 
ments are not connected by a third capillary, the above 
reasoning will theoretically apply even when the part is 
withdrawn from the bath. Where a connecting capillary 
or capillaries exist, the alloy will drain down to the lower 
capillaries during removal from the flux bath and most 
advantages would be expected to be lost. 

To investigate this matter, metal flow was studied in 
various aluminum brazing fluxes having densities rang- 
ing from 1.76 g./cc. to 2.52 g./cc., using No. 22 Brazing 
Sheet to form a specimen having the cross section of an 
I-beam. The brazing alloy could flow to both the upper 
and lower capillaries, the resulting fillets being connected 
only by flat surfaces. For connected capillaries, two 
vertical sheets at right angles to each other were placed 


Fig. 19—Macrograph at 5X of a Torch Brazed Tavered Lap 
Joint in 0.125-In.-Thick 61S-T Sheet Made with No. 716 Brazing 
Wire. Keller's Et:h 
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Fig. 20—Macrograph at 15 of Fillets in a Furnace Brazed 
Joint of 0.090-In.-Thick 61S-W Blade to a 53S Alloy Forging 
Made with No. 716 Brazing Wire. Keller's Etch 


on a horizontal sheet; all sheets were No. 22 Brazing 
Sheet. In this specimen both vertical and horizontal! 
cross sections were in the form of an inverted T-beam. 
The two vertical fillets formed a continuous path from 
top to bottom of the specimen. 

It was found that, with the first type of specimen, the 
amount of alloy in the upper fillet increased as the 
density of the flux increased until it became equal to the 
amount of metal in the lower fillet when the density of 
the flux was substantially equal to the density of the 
brazing alloy. This was the case even when the specimen 
was withdrawn from the flux bath while the brazing 
alloy was molten and was then allowed to solidify in air. 
This was an expected result since the flat surface gave a 
very poor capillary for transfer of metal from upper to 
lower capillary during withdrawal from the bath. 

It was also found that in the case of the second type 
of specimen, the metal distribution along the vertical 
fillets remained substantially the same regardless of flux 
density if the specimen was withdrawn from the flux bath 
while the alloy was still moiten. The metal distribution 
was as expected, a fillet with large throat at the bottom 
and a hyperbolically decreasing throat upward.’ The 
situation was entirely different for the condition of allow- 
ing the alloy to freeze while in the molten bath, by rapidly 
cooling the bath to 1050° F. before withdrawing the 


specimen. The width or throat of the vertical fillet, at a _ 


given location along its length, varied directly with the 
flux density. For a flux of density about the same as 
that of the filler alloy, the fillet width or throat at a 


Fig. 21—-Macrograph at 6 of a Furnace Brazed Flange Joint 
Made from 0.050-In.-Thick No. 21 Brazing Sheet Showing For- 
mation of Single Fillet. Keller's Etch 
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height of 1.5 in. above the base sheet was the same as 
0.5 in. above the base sheet. 

It is thus seen that high density fluxes should prove of 
value in those brazing applications where the upper and 
lower capillaries are more “‘positive’’ than are the inter- 
connecting capillaries. For example, in the case of the 
combination run and antigravity joints, the fillets are 
considerably more positive than are the flat vertical 
connecting surfaces. Where upper and lower capillaries 
are connected by a relatively powerful vertical capillary, 
cooling in the bath below the solidus of the brazing alloy 
will be required to gain any advantages by the use of 
higher density fluxes. This cooling can be accomplished 
with a bath having a high temperature gradient, e.g., 
1140° F. near the bottom and 1040° F. near the top or 
by the use of a double compartment dip brazing pot, one 
portion of which is above and one portion below the 
solidus temperature of the brazing alloy. 


Application of Results to Joint Design 


Types of Fillets—Several types of fillets often met 
with in aluminum brazing have been shown in Figs. 2, 
4,5,9 and 14. Of these, those shown in Figs. 2 and 14 
were made with Aluminum Brazing Sheet and the re- 
mainder with added filler metal. In addition to these, 
sections through several other types of fillets are shown. 
In Fig. 19 is shown a macrosection through a torch brazed 
lap joint in 61S-T made with No. 716 Brazing Wire and 
No. 33 Brazing Flux. Evidently, equilibrium was not 
attained, as the alloy did not penetrate the lap com- 
pletely; however, the symmetry of the fillet to the left 
shows that at this point a local equilibrium position was 
attained. 

In Fig. 20 is shown a section through the fillets formed 
on either side of a 61S-W blade brazed to a 53S alloy 
forging by means of No. 716 Brazing Wire and No. 53 
Brazing Flux. It is noted that the groove or slot, used 
. positioning the blade, is completely filled with brazing 
alloy. 

Figure 21 is a section through a fillet made by the 
coating from No. 21 Brazing Sheet. The circular form 
of this cross section of the fillet is readily apparent. The 
use of this principle, which involves stampings from 
Aluminum Brazing Sheet, permits brazing of tubular 
sections which would otherwise be impossible to assemble. 

In some brazing applications, a single fillet is em- 
ployed. Several such instances are shown in Fig. 22 
(A). In such cases, the lap portion of the joint is filled 
and the remainder of the filler alloy forms a fillet char- 
acteristic of the shape of the capillary, the amount of 
filler material and the orientation in space. In other 
applications, such as shown in Fig. 22 (B), two fillets are 
noncompeting in the horizontal position, regardless of 
size, are noncompeting in the vertical position if very 
small, but are competing in the vertical position if an 
appreciable amount of filler metal is present. In most 
brazing applications, however, capillaries are of such a 
nature, either by virtue of design or poor fit, that the 
fillets are competitive regardless of position in space. 
Several such fillet pairs are shown in Fig. 22 (C). 

Practical Design—As indicated in preceding para- 
graphs, aluminum brazing alloys are ‘‘fillet-formers.”’ 
This does not mean that lap joints with practically no 
fillets cannot be made. It is desirable, however, on the 
basis of theoretical considerations and practical ex- 
perience, to design most aluminum brazed joints for 
fillets. This matter has been mentioned in previous 
publications®: * but it can bear repetition. Fillets not 
only insure an adequate supply of metal to fill the lap 
completely, they also provide a smooth contour which 


A- JOINTS WITH SINGLE FILLETS 


PLANE FLANGE SEMI-FLANGE CURVED FLANGE 


ANGLE REINFORCING FITTING 
RING: 


B-JOINTS WITH TWO HORIZONTAL NON-COMPETING 
FILLETSCFILLETS MAY BE COMPETING IF VERTICAL) 


LINE CONTACT 


TUBE HEADER 
CIF SMALL) 


C-JOINTS WITH TWO VERTICAL OR 
HORIZONTICAL COMPETING FILLETS 


ANGLES ANGLES OFFSET LAP CONTAINER 
BOTTOM 


Fig. 22—Various Types of Fillet Joints Used in Aluminum 
Brazing 


minimizes concentrations of stress and often adds to the 
appearance of the completed assembly. 

In designing joints with competing capillaries, it is 
necessary to remember that the smallest capillary space 
will obtain the greater share of the filler alloy, regardless 
of where the alloy is preplaced, if equilibrium conditions 
exist. The fact can often be taken advantage of by de- 
signing lap joints in the form of line contacts with a 
small angle of taper.® 

There is a definite relationship between the amount 
of alloy flowing into plane and curved surface capillaries, 
as shown in Fig. 23. There is no advantage, for example, 
of having a curved surface of 1.0 cm. (0.4 in.) radius as 
compared with a plane surface of an angle of 10° for 
fillets of width less than about 0.4 cm. (0.16 in.) and a 
disadvantage if the fillet width is greater. If, however, 
the angle of the plane surface is greater than 20°, then a 
curved surface of a radius of 1 cm. (0.4 in.) is of definite 
advantage in promoting flow. This simple fact follows 
from the elementary geometric relationships shown in 
Fig. 23. 

Designing with Aluminum Brazing Sheet is similar to 
designing for added filler metal with a few differences. 
For example, most joints with Aluminum Brazing Sheet 
are based on line contacts, flange joints, or offset laps. 
Rather long laps are possible providing the line contact 
principle is used as indicated in a previous publication.® 
The size of the fillets with Aluminum Brazing Sheet is, 
of course, limited by the amount of brazing material 
available. 

In general, designing for aluminum brazing is quite 
similar to designing for copper or silver alloy brazing 
except that larger clearances are used, and that fillets 
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Fig. 23—Fillet Formation at Straight and Curved Surfaces 


are favored. In contrast to soldering, aluminum braz- 
ing results in generous fillets. Because aluminum braz- 
ing employs aluminum base alloy filler materials, the 
parts produced are similar to welded parts in the Sense 
that the product is 100% aluminum alloy, but are su- 
perior to welded parts because the molten filler material 
assumes an equilibrium position in accordance with the 
various relationships, based on capillary laws and on 
simple geometric principles, which have been discussed 
in this paper. 

The alloy and flux numbers mentioned in this paper 
are the designation of products of the Aluminum Com- 
pany of America. Some of the alloys, heat treatments, 
brazing processes and brazing materials referred to in 
this paper are covered by United States patents and 


patent applications owned by the Aluminum Company of 
America. 
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(Continued from page 76-s) 

Assuming the same trend as that represented for Plate II 
in Fig. 7 of the author’s paper, it is seen that 52,000 psi. 
corresponds to a plastic strain of more than 1.5% which 
is obviously too much. But if correction is made for the 
degree of triaxiality according to the strain energy cri- 
terion, the following value is obtained: 


1 
S= wav (52,000 — 7000)? + (52,000 — 4000)? + 
(7000 — 4000)? = 45,600 psi. 
in good agreement with the author’s values. It must, 
however, be admitted that this agreement is rather 
fortuitous, as the probable error affecting the determina- 
tion of S is not less than 3000 psi. 
In the second place, unless one proceeds as the author 


can be obtained of an undeformed metal having exactly 
the same characteristics as the deposit. 


By E. M. MacCutcheon, Jr.* 
This interesting paper by E, Paul DeGarmo covers a 
Lieutenant Commander, U.S.C.G.R. 


did, it is hard to conceive how a stress-strain diagram 


branch of the welding problem which has not been fully 
developed in other studies related to the failure of welded 
structures. The results are gratifying because they per- 
mit us to reassume our confidence in the capabilities of 
welding. Barring the possibilities of unfavorable alter- 
ations in the metallurgical properties of the deposited 
metal, it would appear that its physical characteristics 
had not been appreciably altered by the strain which 
occurred during cooling. 

The introductory remarks to this paper are somewhat 
misleading and not entirely correct. The author states 
“Since these failures nearly always originate in weld 
metal, which in normal tension tests exhibits ductility, 
it was natural that much speculation should exist as to 
the reasons why this same metal did not behave in a duc- 
tile manner in these cases.’’ In the first place it is not so 
that most of the fractures originate in weld metal. On 
the contrary, a large percentage of the fractures origi- 
nated at abrupt changes in section such as square cornered 
openings where no welding at all was involved.’ Similar 
fractures have frequently been found on riveted struc- 
tures. Secondly, many abrupt changes in the section 
are naturally associated with welds which are necessary 


(Continued on page 122-s) 
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Tension Tests of Single-Row 


Spot-Welded Joints in 245-T Alclad 


Introduction 


HE effects of weld spacing, weld patterns and 

weld size upon the shear strength characteristics 

of spot-welded joints in 24S-T Alclad aluminum 
alloy have been quite thoroughly investigated by in- 
dustry in general. However, a thorough survey of the 
literature revealed no reported work on the behavior of 
spot-welded joints loaded in tension other than single- 
spot tests. 

Recent applications of spot welding into the design of 
structures in which the joints are subjected to tension 
loads made it necessary to investigate their tension 
strength characteristics. 

It was felt that tests of single-row joints would be the 
logical starting point for such an investigation, and that 
the effects of weld spacing, weld geometry and weld size 
upon the tension strength of the joints should be the 
important variables to consider. 

In order to correlate the tension strengths with other 
joint strength characteristics, parallel tests were made of 
lap joint shear specimens and specimens of the reduced 
basic sheet strength type. All specimen types in each 
group were made under identical welding conditions and 
from the same material lot. 

The following report describes the test procedure and 
presents the results of the investigation. 


Scope of Investigation 


_As stated above, the primary purpose of this investiga- 
tion was to determine the tension characteristics of 


Fig. 1—Diagrammatic Description of Test Schedule 


Aluminum Alloy Sheet 


By R. Della-Vedowa* 
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spot-welded joints. However, additional specimens of 
the lap joint shear type and the reduced basic sheet 
strength! type (Fig. 2) were made under identical condi- 
tions for correlation with the tension test results. 
Specifically, the following information was desired: 


1. Tension strengths as a function of spot-weld spac- 
ing. 

2. A comparison of the tension strengths with the 
shear and reduced basic sheet strengths as a 
function of weld spacing, for spot-welds made 
under identical conditions. 

3. The reduction in the parent metal strength as a 
function of the geometry‘ of the weld. 

4. The ratio of tension to shear strength as a function 
of the weld size.§ 


Roll-welding equipment was used for welding speci- 
mens with close weld spacings, while fixed electrode spot- 
welding equipment was used for the specimens with wide 
weld spacings. This conforms to the usual production 
practice. 

Three gages (0.025, 0.040 and 0.064 in.) of 24S-T Al- 
clad aluminum alloy, Specification AN-A-15, were selec- 
ted for use in this investigation. Duplicate tests of 
single-row joints using each of these gages welded to it- 
self were made on electromagnetic stored energy and 
condenser discharge welding equipment. Reduced basic 
sheet strength specimens, however, were not welded us- 
ing electromagnetic stored energy equipment, since pre- 
vious work covered a similar test in 0.040-in. 24S-T 
Alclad. The results of this test are included in the 
plotted curves. 


Procedure 


A diagrammatic description of the test schedule is 
given in Fig. 1. 

A description of the specimen types tested and the 
method of welding the specimens in panels are given in 
Fig. 2. 

Throughout the tests it was desired that welds made 
with both welder types in each gage of material have the 
same shear strength. Therefore, after the welding ma- 


* Research Engineer, Lockheed Aircraft Corp., Burbank, Calif 
t The reduced basic sheet strength is defined as ‘“‘the strength of the parent 
metal as reduced due to the presence of spot welds.”” (Unmstressed scab at- 
tachment.) 

t It is known that welds made with condenser discharge type welders have a 
greater weld diameter, for a given weld penetration, than do welds made on 
electromagnetic stored energy type welders. It was desired to know what 
effect this would have on the tension and reduced basic sheet strengths of spot- 
welded joints (Appendix B—macrophotos of weld cross sections) 

§ “Weld size’’ and ‘‘weld shear strength" are used here synonymously. No 
attempt was made to measure weld diameters and penetrations since the qual- 
ity of the joint was judged by its mechanical properties. 
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Fig. 2—Specimen Type Descriptions 


chine was adjusted and sample welds had been cross 
sectioned and observed, ten single-spot shear specimens 


were welded and tested. If the strengths obtained were 
satisfactory, the test panels were welded. After welding 
the test panels, an additional ten single-spot shear speci- 
mens were welded and tested. 

Below are listed the averages of the 20 single-spot shear 
strengths obtained for each gage combination. 


Sheet Thickness Single Weld Shear Welder 

Combination, In. Strength—Average, Lb. Type . 
0.064-0.064 1080 storage 
0.025-0.025 359 
0.040-0.040 571 dischar 
0.064-0. 064 1174 ge 


All specimens listed above were tested immediately 
after welding, whereas the testing of the panel welded 
specimens was done at least 3 days after welding to allow 
the welds to age-harden. This is accepted practice, 
since it is not expedient to allow 3 days to elapse be- 
tween the welding and testing of set-up specimens. 
However, welds in. specimens that are a part of the pri- 
mary investigation should be allowed at least 3 days to 
age so that a more accurate indication of the joint 
strengths of similar spot-welded structures in service can 
be obtained. 

In addition to the test schedule shown in Fig. 1, shear 
and tension specimens were welded with an electromag- 
netic stored energy roll welder in order to determine the 
effect of low weld strength on the shear and tension 
strengths of the joints. The material used was 0.040-in. 
24S-T Alclad, and it was prepared for welding by etching 
in Oakite 84-A. Twelve shear and 12 tension typs speci- 
mens were welded at four weld spacings—2, 1, */s and 
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1/g in. 
welds was 331 Ib: 

A description of the method used for testing all ten. 
sion specimens is given in Appendix A. 


The average single-spot shear strength of these 


Results 


A summary of all test data is given in Table 1. 
The test results for each material gage at each spacing 
were averaged and reduced to a percentage of the parent 
metal strength. The values thus computed for the 
three gages were averaged and the results are plotted in 
Fig. 3. 

Figures 4, 5 and 6 show the plotted joint strengths for 
the 0.025-, 0. 040-, and 0.064-in. materials, respectively, 
for both types of welding equipment. 

A comparison of the shear and tension strengths for 
normal and low strength welds made with electromag- 
netic stored energy machine in 0.040-in. material is 
shown in Fig. 7. In addition, the range between the 
maximum and minimum recorded specimen strengths is 
enclosed in a shaded envelope. 

Figure 8 shows the ratio of tension to shear strength 
as a function of spot-weld spacing. The curves represent 
average values for all gages tested. The curve for low 
strength welds (0.040-in. material only) is also included. 

Photographs of typical joint failures and a comparison 
of cross sections of welds made on electromagnetic stor- 
age and condenser discharge welders are given in Appen- 
dix B. 


Discussion 
Joint Consistencies and Strength Levels 


Table 1 is a summary of all test data. The values of 
per cent deviation from average are computed from the 
lowest and highest single-joint failure in any specimen 
group. The coefficient of variation is a statistical meas- 
ure of consistency based on the standard deviation of 
the ultimate test load for each specimen group. These 
latter values give a truer basis for comparison of joint 
strength consistencies from one test group to another. 
In general, it can be stated that spot-welded joint 
strength consistencies are better under shear loading 
than under tension loading. 

Due to the difficulty of duplicating weld strengths 
and therefore joint strengths at close spot-weld spacings, 
specimens with spacings of '/, and */,-in. were made with 
both fixed electrode and roll-welding machines. Joint 
strengths plotted at */, and */s-in. weld spacings are 
averages of the strengths obtained using the spot welders 
and roll welders. This treatment made it possible to 
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en- Table 1—Summary of Test Data 
Sheet Ratiot 
Thickness, Weld Spec. No. of Av. Load, % Dev. Tension Str. 
In. Spacing, In. Equip.* Type Type Specs. Lb./Lin. In. from Av. - Shear Str. C,+ 
0.025 2 E.S.E. Spot Shear 24 196 +8 -—8 0.301 3.9 
Tens. 48 59 +23, —16 9.6 
alt Spot Shear 24 276 + 8,-—12 0.259 4.8 
ing Tens. 48 72 +22, —12 9.3 
ent 1 E.S.E. Spot Shear 24 342 + 6,-— 6 0.278 2.9 
the Tens. 48 95 +21,-14 8.5 
7 C.D. Spot Shear 24 463 + 9, -13 0.272 5.2 
in Tens. 48 126 +13, —10 6.8 
‘ 1/, E.S.E. Spot Shear 24 639 +12, — 6 0.278 4.4 
lor Tens. 48 178 +35, —30 12.3 
‘ly, cB, Spot Shear 24 891 +12,-— 9 0.246 5.8 
° Tens. 48 218 +13, —14 6.4 
for 3/5 E.S.E. Spot Shear 24 727 +10, —11 0.318 5.5 
Tens. 48 231 +21, —20 
C.D. Spot Shear 24 1000 +11, —'6 0.266 5.3 
1S Tens. 48 266 +17, —13 7.1 
the 1/, E.S.E. Roll Shear 22 754 +16, —12 0.246 6.8 
iS Tens. 40 186 +18, —17 8.5 
Cw; Roli Shear 21 604 +15, —14 0.281 8.3 
th Tens. 45 170 +18, —20 8.8 
nt 3/5 E.S.E. Roll Shear 21 866 +12, —12 0.288 6.8 
! Tens. 35 249 +12, —18 6.5 
OW C.D. Roll Shear 22 795 +10,- 9 0.301 5.4 
ad. Tens. 46 239 +14, —12 6.7 
on 1/, E.S.E. Roll Shear 21 995 +7,-9 0.272 4.2 
or- Tens. 40 270 +21, —18 8.7 
n- Cm. Roll Shear 22 911 +14,— 9 0.288 8.4 
Tens. 46 262 +18, —21 9.5 
1/s E.S.E. Roll Shear 21 968 + 8 -—6 0.260 3.7 
Tens. 46 251 +38, —23 14.6 
ae it Roll Shear 22 873 +10,— 9 0.236 5.4 
Tens. 46 206 +29, —19 12.4 
0.040 2 E.S.E. Spot Shear 24 379 + 8&,—19 0.251 5.4 
Tens. 48 95 +24, —26 11.4 
of Ci Spot Shear 24 316 + 8 —6 0.360 4.5 
he Tens. 48 114 +12, —12 7.8 
1 E.S.E. Spot Shear 24 720 +11, —12 0.226 5.9 
en Tens. 48 163 +15, —20 7.9 
\S- C.D. Spot Shear 24 659 + 5,-7 0.27 3.2 
of Tens. 48 184 +29, —31 10.0 
se 1/, E.S.E. Spot Shear 24 1286 + 9, —10 0.233 3.9 
nt Tens. 48 . 800 +15, —22 7.5 
C.D. Spot Shear 24 1226 +90,— 7 0.267 4.3 
T. Tens. 48 328 +21, -—19 7.9 
nt 3/, E.S.E. Spot Shear 24 1389 +17, —12 0.268 7.4 
1g Tens. 48 373 +18, —31 9.1 
ene Spot Shear 24 1192 + 8,-18 0.332 5.6 
hs Tens. 48 396 +15, —14 6.6 
" 1/s E.S.E. Roll Shear 19 1058 +18, —13 0.286 7.5 
sy Tens. 46 302 +15, —22 9.1 
th C.D. Roll Shear 20 1021 +13, —13 0.323 8.4 
it Tens. 46 330 +17,-— 9 6.0 
re 3/, E.S.E. Roll Shear 14 1137 +10, —12 0.375 Pm 
rs Tens. 46 427 +16, —21 6.6 
0 C.D. Roll Shear 21 1031 + 6,-13 0.374 5.2 
Tens. 44 385 + 9, -—12 4.8 
1/, E.S.E. Roll Shear 12 1589 + 6,-— 5 0.227 3.5 
Tens. 45 360 +43, —32 20.1 afi 
C.D. Roll Shear 20 1165 + 9,-—18 0.333 6.8 
Tens. 46 388 +13, —10 5.8 
1/, E.S.E. Roll Shear 20 1634 +10,- 8 0.168 5.8 
Tens. 46 274 +31, —25 14.6 
C.D. Roll Shear 21 1258 + 5,-— 5 0.207 2.8 
Tens. 46 260 +25, —15 9.5 : 


Low Strength Weld Test 


0.040 2 E.S.E. Roll Shear 11 200 +17, —19 0.374 8.9 
_ Tens. 12 75 +17, —33 11.4 

1 : Shear 1l 370 +12, —30 0.435 11.6 

Tens. 11 161 +14, —10 7.6 

3/s Shear 12 899 +26, —39 0.460 17.0 

Tens. 12 413 +22, —14 10.2 

1/, Shear 12 1191 +14, —17 0.475 8.8 

Tens. 12 9.1 
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C.D. 
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C.D. 
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C.D. 
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C.D. 
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1 
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Sheet 


Thickness, In. 


Type 
Spot 
Spot 


Spot 
Spot 
Spot 
Spot 
Spot 
Spot 
Roll 
Roll 


Roll 
Roll 


Roll 
Roll 


Roll 
Roll 


Equip.* 
C.D. 


C.D. 


C.D. 


C.D. 


C.D. 


Spec. 
Type 


Shear 
Tens. 
Shear 
Tens. 
Shear 
Tens. 
Shear 
Tens. 
Shear 
Tens. 
Shear 
Tens. 
Shear 
Tens. 
Shear 
Tens. 
Shear 
Tens. 
Shear 
Tens. 
Shear 
Tens. 
Shear 
Tens. 
Shear 
Tens. 
Shear 
Tens. 
Shear 
Tens. 
Shear 
Tens. 


Type 
Spot 


Spot 


Spot 


Roll 


Roll 


Roll 


No. of 
Specs. 


24 
48 
24 
48 


24 


21 
46 
21 
44 


Reduced Basic Sheet Strength Specimens 


Table 1—Summary of Test Data (Continued) 


Av. Load, % Dev. 
Lb./Lin. In. from Av. 
608 + 6,-—7 
223 +16, —18 
742 +13, —21 
227 +19, —22 
1052 +6,-8 
332 +9,- 9 
1358 +10, —10 
359 +17, —19 
1592 + 5, —6 
580 +17,- 9 
1850 + 8,-—11 
511 +14, —18 
1749 + 6,- 6 
604 +27, —2i 
1847 +11, 
475 +26, —22 
1435 +22, —27 
416 +20, —22 
1541 + 9,—11 
462 +20, —15 
1723 +13, —25 
471 +14, —13 
1583 +10, — 7 
408 +12, —12 
1899 +9,- 7 
413 +26, —21 
Would not weld satisfactorily 

1968 +10, —14 
457 +29, —33 
1756 + 9, —36 
295 + 8-9 


No. of 
Specs. 
24 
24 


Would not weld satisfactorily 
(04 


Parent Metal Strength (from Tensile Coupons) 


Av. Ult. Load, 
Lb./Lin. In. 


1653 
2677 


Av. Load, 
Lb./Lin. In. 


3189 


4233 
(All loaded in a direction parallel 
to the grain of the material 


Notes: * E.S.E.—electromagnetic stored energy welder; C.D.—condenser discharge welder. 


+ A measure of weld ductility. Navy Specification PW-6 states that the spot-weld tension strength shall be at least 25% of the shear 
strength (for single spot-welds). 


t The coefficient of variation (C,) is an inverse measure of consistency. The lower the value, the better the consistency. 


Ratiot 
Tension Str. 


Shear Str. 
0.368 
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0.315 
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0.364 
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0.346 
0.257 
0.290 
0.300 


0.273 
0.258 
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AR 46 8 
46 6 
46 6 I 
46 
4. ro 
1564 
1567 
1547 
2 2616 
1 2552 
1/s 2526 
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Fig. 4—Effect of Weld Spacing on Single-Row Joint Strengths 
in 0.025-In. 24S-T Alclad (Spec. AN-A-13) 


join the two sections of each curve without an offset and 
still give a fair representation of the curve shape through 
the entire range of spacings. The discrepancies in joint 
strengths of specimens welded with spot welders and 
roll welders at */s- and '/s-in. spacings in each gage 
(Table 1) then become negligible. 


Fatlure Types 


The typical failure types which occurred in specimens 
of different spacings are shown in Figs. 11, 12 and 13 of 
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Fig. 5—Etffect of Weld Spacing on Single-Row Joint Strengths 
in 0.040-In. 248-T Alclad 
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Fig. 6—Effect of Weld Spacing on Single-Row Joint Strengths 
in 0.064-In. 24S-T Alclad (Spec. AN-A-13) 


Appendix B. In the tension specimens, ‘button’ or 
“‘pull-out”’ failures occurred at spacings from 2 to */,-in., 
inclusive. At '/4- and '/,-in. weld spacings, failure oc- 
curred along the edges of the welds in the heat-affected 
zone. 

The shear specimens failed by shearing of the weld 
nugget and by weld “‘pull-out’’ from spacings of 2 down 
to */,in. At spacings less than */,-in., failure occurred 
in the heat-affected zone along the edges of the welds. 
The mechanics of failure in lap joint shear specimens ts a 
function of the spot-weld spacing. At wide weld spac- 
ings the load on the weld nugget is almost one of pure 
shear, and failure occurs by shearing of the weld nugget. 
As the weld spacing is decreased, the load on the weld 
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Fig. 7—Comparison of Shear and Tension Strengths Between 
Normal and Low Strength Welds in 0.040-In. 24S-T Alclad 
(Spec. AN-A-13) (Electromagnetic Stored Energy Welds) 
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Fig. 8--Average Ratios of Tension to Shear Strength vs. Spot- 
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Fig. 9—Tension Test Blocks Used for Testing 


nugget becomes a combination of shear and tension, the 
tension component increasing as the weld spacing is de- 
creased. This type of loading results in “‘button’’ or 
weld ‘‘pull-out’’ failures, which causes the material be- 
tween the welds te bend. The maximum amount of 
bend occurs at the closest spacing at which weld ‘‘pull- 
out” failures occur. At seam-weld spacings the load 
on the seam is again almost one of pure shear, but since 
the tension strength of the heat-affected material along 
the edge of the seam is critical, failure occurs in this re- 
gion. 

The reduced basic sheet strength specimen failures all 
occurred in the usual manner through the edges of the 
welds. 


General Observations 


An over-all picture of the relationships that exist be- 
tween the strengths of the spot-welded (single-row) joint 
types is given in Fig. 3. Since these are average values 
based on all three gages tested, using both spot welders 
and roll welders in the electromagnetic stored energy 
and condenser discharge types of equipment, they serve 
only as a general comparison of joint strengths as a per- 
centage of the parent metal strength. However, in 
Figs. 4, 5 and 6 are given the specific joint strengths for 
each of the three gagé combinations tested for both types 
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of welding equipment used. The following observations 
can be made from these curves: 

1. The reduction in the basic sheet strength due to 
the presence of spot welds is greater for specimens con. 
taining welds with high sheet penetrations than those 
containing welds with less sheet penetration. 

2. At seam-weld spacings, spot-welded shear and 
tension joints made with electromagnetic stored energy 
welders were somewhat stronger than those made with 
condenser discharge welders. The reason for this js 
not known, and it may not be a generally prevalent con- 
dition. 

3. The maximum tension strength of spot-welded 
joints occurs at spacings where the weld nuggets first 
begin to touch. Since the weld diameter increases as 
the material thickness increases, this spacing increases 
as the material thickness becomes greater. It is also 
apparent from the curves that the maximum tension 
strength reached by condenser discharge welded joints 
occurred at slightly wider spacings than for electromag- 
netic stored energy welded joints. It is probable that 
this is due to the fact that condenser discharge welders 
produce spot welds of larger diameters for given gage 
combinations than do electromagnetic stored energy 
welders (Figs. 14, 15, Appendix B). 

Figure 7 shows the shear and tension strengths of 
normal welds and low strength welds in 0.040-in. 24¢-T 
Alclad. The joint shear strengths are lower for the 
smail welds at all spacings, while the joint tension 
strengths are higher for the small welds at spacings less 
than 1 in. There was no decrease in the tension joint 
strengths at seam-weld spacings for specimens made 
with small welds. The shaded portion on either side of 
each curve indicates the range of strength from the 
minimum to the maximum specimen failure load at each 
spacing. 

The ratios of tension to shear strength for the elec- 
tromagnetic stored energy and condenser discharge 
welded specimens are plotted in Fig. 8. These are com- 


Fig. 10—Tension Failure of Seam-Welded Joint, Showing 
Positions of Component Parts in Testing Machine 
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Appendix B 
Spot-Weld Spacings 


Fig. 12—Typical Shear Specimen Failures 


bined average values for the three gage combinations 
tested. In addition, a curve showing the plotted ratios 
for the low strength welds is shown. This latter curve 
is for 0.040-in. material welded on an electromagnetic 
stored energy welder. 

It is interesting to note how closely the curves for the 
two welder types compare at spacings from 2 to '/» in. 
At spacings below '/, in. the curves reach a maximum at 
different spacings, but they have similar shapes. 

The ratio curve for the low strength welds shows an 
increase from the widest spacing to the closest spacing. 
Since there was no drop in the tension strength of these 
specimens at the closer spacings there is no decrease in 
the ratio in this range which is not the case for normal 
strength welds. This curve shows higher ratios due to the 
lower shear strength of the joints at all spacings tested, 
ne the higher tension strengths at spacings of | in. and 
ess, 

The comparison between the ratio curve for low 
strength welds in 0.040-in. material only and the com- 
bined curve for normal strength welds in all three ma- 
terial gages is valid since the ratio curves for each ma- 
terial gage followed the plotted average curve very 
closely. 


Summary of Results 


The curves included in this report show the results ob- 
tained. The pertinent points, however, might be sum- 
marized as follows: 

|. The tension strength of spot-welded joints in- 
creases as the weld spacing decreases until the point is 
reached where the ‘weld nuggets touch. At spacings less 
than this, the tension strength decreases as the weld 
spacing decreases. 


2. The tension strength of spot-welded joints does 
not appear to be affected by differences in nugget pene- 
tration for welds of the same diameter. The reduced 
basic sheet strength, however, is less for welds with 
greater nugget penetrations. 

3. Small welds at close spacings produce joints of 
higher tension strength than large welds at close spac- 
ings. 


Appendix A 


Method Used for Testing Tension Specimens 
The most widely used specimen for testing single spot 
welds in tension is of the “‘U’’ type described in Navy 
Specification PW-6. It may be seen, however, that the 


Fig. 13—Typical Reduced Basic Sheet Strength Specimen 
, Failures 
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Fig. 14—Macrophotograph of Cross Section of Electromagnetic 
. Storage Spot-Weld in 0.064-0.064-In. 24S-T Alclad 


transfer of an applied load from the testing jig to the 


specimen through a °/,.-in. diameter bolt will not pro- 


vide an equal load distribution to the welds in a multi- 
spot joint. It was, therefore, necessary to design a 
tension test jig for testing multispot specimens of the 
same basic dimensions as given in Navy Specification 
PW-6, and to provide an equal distribution of the ap- 
plied load along the full length of the joint. 

Figures 9 and 10 illustrate the jig design used in test- 


Comparison of Weld Diameters and Penetrations Storage and Condenser Discharge 
pot- We 


Fig. of Cross Section of Condenser 
-We 


Discharge Spot in 0.064-0.064-In. 24S.T Alclad 

ing all tension specimens welded for the subject investiga- 
tion. It will be noted that the specimen fits snugly over 
the blocks, which is not always the case with the pin- 
fastened specimen. 

This method of preparing and testing “‘U”’ type ten- 
sion specimens has the advantage of reduced forming 
time, welding time and testing time—as well as making 
it possible to satisfactorily test both the multispot and 
single-spot joint types. 


(Continued from page 114-s) 


to the construction. When fractures occur at such 
places, it may be wrong to imply that they originate in 
the welding as it is possible that such fractures may be 
purely the result of the geometry at that point of the 
structure. Finally, it should be noted that in practically 
all other cases where it has been possible to trace a source 
of a fracture to a weld and in which no geometrical factor 
of design influenced the formation of the fracture, it was 
found to initiate from a defect in the deposited metal. It 
would, therefore, be very difficult to blame the charac- 
teristics of the deposited metal for the origination of a 
fracture. It might have resulted primarily from the 
shape of the cavity or other defects. 

Other work related to this subject would indicate that 
as the weld metal cools, it passes through a brittle range. 
It is possible that certain weld metal deposits under the 
influence of the cooling stress might crack during the 
transition through this range. The deposited metal in 
the welds with which this paper is concerned did not ap- 
pear to develop such cracks. It is apparent, however, 
that had cracks developed in the brittle range the effect 
of the cracks would have seriously influenced the test 
results. This is a metallurgical problem related to 
weldability and considerable research has been done on 
this subject. It is evident, however, that the two 
problems are related and that final behavior of the 
structures depends on both factors. 

In preparing the plates for the test, no restraint was 
placed upon them. It would be interesting to find out 
what effect more complete restraint would have on the 
reduction in the ductility of the deposited metal. If all 
straining during cooling had to take place in the thickness 
direction, it is possible that the ductility would be even 
more affected. Cracks would be more likely to develop 
and the metallurgical problem would be more pro- 
nounced. Tests similar to those described in this paper 
performed on metal deposited in a groove in a heavy 
block of steel would serve as an interesting supplement to 
the work already done. 
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The paper presents a good step toward the examination 
of one branch of the welded ship structural problem 
which has so far had little attention. Work of this na- 
ture may later point to the establishment of fundamen 
tally improved requirements to qualify electrodes for 
use in ship hull construction. 


* * 
Author's Reply 

The comments of Dr. Rosenthal and Lt. Cmdr. 
MacCutcheon are pertinent and greatly appreciated. 

The agreement between the author’s results and those 
obtained by Dr. Rosenthal and Dr. Norton is gratifying, 
admitting the fortuitousness. Dr. Rosenthal’s comments 
regarding the necessity of having the conditions under 
which the weld metal of a test specimen and the actual 
weld are made the same is one which the author feels is 
too often overlooked. The charz +teristics of the weld 
metal deposit are affected appreciably by the cooling 
rate and to a much greater extent by small changes in 
arc voltage. Therefore, if test specimens are to truly 
represent actual weld deposits, the conditions under 
which they are made must be controlled very carefully. 

Commander MacCutcheon’s remarks are very much 
in order. They merely serve to emphasize the fact that 
the failures have not been due primarily to the inherent 
properties of the deposited weld metal, but to other 
conditions which arise through the use of welding; i.c., 
defects and geometrical configurations which act as 
stress raisers or bring about severe multi-axial stress 
conditions. The serious situation is that very slight 
defects in actual welded structures seem to act as 
“triggers” which set off serious failures while in an 
ordinary tensile test specimen considerable ductility 
and good tensile strength can be obtained with very 
appreciable flaws present. This means that in welde: 
design one must be extremely careful to avoid con- 
figurations which are conducive to multi-axial stresses. 

The comments regarding the possible effect of restraint 
are interesting. The author hopes to investigate this 
aspect of the problem in the near future. 
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The Spot Welding of NE 87/15, 


NE 8630 and SAE 4340 in the 


Foreword 


This experimental program was established in 1944 at the Weld- 
ing Laboratories of the Rensselaer Polytechnic Institute by the 
Office of Production Research and Development, War Production 
Board, under WPB contract No. 193. The project was supervised 
by Dr. Maurice Nelles, Chief Consultant, Office of Production 
Research and Development. Acknowledgment is made for ad- 
vice from the following people: L. C. Bibber, Carnegie-Illinois 
Steel Corp.; H. C. Cogan, National Electric Welding Machine Co.; 
R. T. Gillette, General Electric Co.; Dr. F. R. Hensel, P. R. 
Mallory & Co., Inc.; G. S. Mikhalapov, War Metallurgy Com- 
mittee; V. V. Whitmer, Republic Steel Corp. 


Summary 


HIS report describes the development of optimum 
welding conditions for the spot welding and tem- 


pering of three different type steels in the 0.062- 
in. thickness. The fundamental principles for making 
tempered spot welds have been quite well established 
and a considerable body of data have been obtained for 
a variety of steels in the 0.040 and 0.125-in. thickness in 
previous investigations. 

The results obtained in this investigation of spot welds 
in NE 8715, NE 8630, and SAE 4340 steel of 0.062-in. 
thickness are in agreement with previous work which 
showed that the improvement in mechanical properties 
the weld increased with greater harden- 
ability. 


Introduction 


This is the second and final report on a program es- 
tablished to supply data on the making of tempered spot 
welds in a variety of different steels in several gages. 
The first report covered the spot welding of NE 8715, NE 
8630 and SAE 4340 in the 0.125-in. thickness. The 
work has now been continued with the same above men- 
tioned steels in the 0.062-in. thickness. The steel NE 
8715 was chosen as a general substitute for the proprie- 
tary low-alloy steels, while the NE 8630 was selected as 
being representative of the medium alloy steel group, 
and SAE 4340 as typical of the alloy steels in the 0.40% 
carbon range. The technique of making tempered spot 
welds consists of allowing sufficient cooling time after 
passing the weld current to allow the weld to quench to 
the martensite-forming temperature and then tempering 
this brittle martensitic structure by means of a postheat 


* Second and Final Progress Report on The Spot Welding of High Tensile 


Carbon and Low-Alloy Steels to the Office of Production Research and De- 
velopment, War Production Board, WPB-193, Sept. 1945. 
t Welding Lab., Rensselaer Polytechnic Institute, Troy, N. Y. 


0.062-In.Thickness 


By W. F. Hess, W. D. Doty,t W. J. Childst 
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of short duration. Such a postheat should reheat the 
weld to just below the austenitizing temperature to in- 
sure optimum toughness of weld structure. 


Material 


The material was supplied in the hot rolled, normalized 
and drawn condition. The surface of the material was 
pickled and oiled by the manufacturer. The chemical 
analyses and mechanical properties of the steels used 
are given in Tables 1 and 2. Except in the case of the 
NE 8715 steel the surface of the material was unsatis- 
factory for spot welding after a trichlorethylene vapor 
degreasing treatment. Alundum grit blasting im the 
case of the NE 8630 and SAE 4340 material corrected 
the unsatisfactory surface condition. 


Table 1—Chemical Analyses 


Element NE 8715 NE 8630 SAE 4340 
Carbon 0.155 0.295 0.38 
Manganese 0.82 0.77 0.60 
Phosphorus 0.017 0.018 0.016 
Sulfur 0.030 0.020 0.018 
Silicon 0.28 0.25 0.22 
Nickel 0.51 0.65 1.77 
Chromium 0.46 0.50 0.77 
Molybdenum 0.20 0.22 0.23 


Table 2—Mechanical Properties 


Yield Ultimate 
Strength, Strength, Elongation Hardness 
Grade Psi. Psi. in 2In., % Rockwell B 
NE 8715 61,000 78,300 23.0 87 
NE 8630 80,300 99,400 17.0 95 
SAE 4340 78,700 99,500 22.0 94 


Equipment and Testing 


The electronic control equipment used for the accurate 
timing of the duration of the weld current, cool period, 
and temper current was the same as that described in 
the previous report.’ As before, an electric timer was 
employed to check the timing periods and an automatic 
current regulator was used to prevent variations in 
current resulting from changes in the line voltage or in 
the impedance of the welding circuit. The currents 
were measured by means of pointer-stop ammeter with a 
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Fig. 1—Hardness Surveys of Welds Made in NE 8715 Showing 
of Tempering on the Hardness Level 


clamp-on current transformer for use on the primary 
circuit. 

Dome-shaped electrode contact surfaces of restricted 
diameter with a 30° conical approach to the contact sur- 
face were used throughout the investigation. The elec- 
trodes were cooled by tap water at 70-80° F. and flowing 
at the rate of 1 gal./min. to each electrode. The dis- 
tance through the alloy copper from the coolant to the 
electrode face was 7/s-in. 

Quantitative evaluation of the properties of the welds 
made included shear strength, normal tension strength, 
shear impact strength and hardness surveys. The size 
of test spec'mens and method of testing to obtain shear 
and normal tension strengths was described in the pre- 
vious report covering the 0.125-in. thickness’ material. 
Since 2 X 6-in. specimens are required for the normal 
tension tests, it was decided to use the same specimen 


for the shear and shear impact tests. This avoided cut. 
ting down the strip material to the 1'/2-in. width recom. 
mended for this gage material. This resulted in shear 
strengths slightly higher than would have been obtained 
with specimens of 1'/,-in. width. The shear impact 
strength per spot was obtained from a pendulum type 
machine adapted with sheet tension grips of suflicient 
size to accommodate the same size specimen as was used 
for the ordinary shear strength test. The pendulum 
gives an impact energy range of either 110 or 220 ft.-Ip. 
By means of a special lightweight pendulum, 30 and 60 
ft.-lb. ranges are also available with this equipment. 
Visible evidence of proper cool time between weld and 
temper and also the extent of tempering was provided 
by macro-etched weld sections. 
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Fig. 2—Curve Showing Variation of Normal Tension Strength 
of NE 8715 with Tempering Current 
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Fig. 3—Shear and Shear Impact Strengths for NE 8715 as a 
Function of Temper Current 


Procedure—Selection of Welding Conditions 


In line with previous experience in this laboratory with 
tempered spot welds which has shown that a spot weld 
diameter of at least 4'/, to 5'/, times the sheet thickness 
is required to obtain satisfactory consistency, a weld diam- 
eter of 0.27-0.28 in. was selected. A weld time of 10 
cycles was selected, since this was about the shortest 
time in which it was possible to make a weld of the de- 
sired size, using a power level which avoided excessive 
flashing or expulsion. A value of temper time was se- 
lected equal to the weld time. This was in agreement 
with previous investigations for the 0.040 and 0.070-in. 
thicknesses where it was found that the temper time was 
not too critical. 

Previous experience had also indicated that a dome- 
shaped electrode caused less distortion and gave better 
current distribution than flat electrodes. It is desirable 
with domed electrodes to have the surface restricted to 
about 1.1 times the desired weld diameter. For the 
0.062-in. material, with 0.27—0.28-in. diameter welds, 4 
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S LL 10 CYCLE WELD TIME — 10 CYCLE TEMPER TIME _ 
4| ne é 8 40 CYCLES BETWEEN WELD AND TEMPER 
| @- TEMPERED, 83% OF WELO | | 
0.125 0.250 0.375 0500 of hs 
DISTANCE ACROSS WELD — INCHES SHEAR impacT 
Fig. 4Hardness { Welds Made in NE STRENGTH 
ig. ardness Surveys of We ade in NE 8630 Showing > Oe ae 2 
Both the As-Welded and Tempered Hardness Levels mf | 
limiting diameter of with a 6-in. radius dome « 
The lowest electrode force which gave welds reason- % 1 —+—+—+ = 
ably free from porosity and sheet distortion was selected. " | | | 
In the case of NE 8715 material the required electrode | 
force was 1600 Ib. As would be expected, for higher o 70 80 90 
strength materials the force required was somewhat TEMPER CURRENT, % OF WELD CURRENT 
greater. For NE 8630 the force necessary was 1800 Ib. Fig. 6—Shear and Shear Impact Strengths of NE 8630 Corre- 
while for SAE 4340 it was 2000 Ib. sponding to Normal Tension Strengths Shown in Fig. 5 


The cool time, between the weld and temper periods, 
which was just sufficient to allow the weld to transform 
to a martensitic structure was determined for each steel. made parallel to the plate interface, the exact cool time 
This was done by making welds of varying temper cur- which allows complete transformation was readily de- 
rent at several values of cool time. From examination termined. This procedure has been illustrated in greater 
of macro-etched weld sections and hardness surveys detail in a previous report.® 
Having established the cool time between the weld 
and temper periods, normal tension specimens were 


T | 2 | T made at various temper currents to determine the op- 
= } timum value of postheat current. These test results 
oe NE 8630 L were supplemented by shear and shear impact tests to 
eats complete the determination of optimum welding condi- 
10 CYCLE WELD TIME - IO CYCLE TEMPER TIME — tions. 
_ GYCLES BETWEEN WELD AND TEMPER 
i 
a Results 
,73000 
° 4 T NE 8715.—When welding the 0.125 in. NE 8715 
“ , steel, described in a previous report,’ it was found neces- 
« sary to alundum grit blast the surface before welding. 
4 
2 2000 J a | 10 CYCLE WELD TIME — 10 CYCLE TEMPER TimE 
750 — CYCLES BETWEEN WELD AND TEMPER + 
z + wi. 
| + @-TEMPERED, 77% OF WELD 
ral —— WELD 
° 70 80 90 ° 0.125 0.250 
TEMPER CURRENT, % OF WELD CURRENT DISTANCE ACROSS WELD - INCHES 
Fig. 5—Normal Tension Strength as a Function of Tempering Fig. 7—As-Welded and Tempered Hardness Levels for SAE 
Current for NE 8630 4340 
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Table 3—Summary of Test Results for Spot Welding NE 8715, NE 8630, and SAE 4340 Steels 0.062-In. Thickness 


As-Welded Tempered —————_—___. 
Normal Shear ) Normal Shear 
Shear Tension Impact Shear Tension Impact 
Strength Strength Strength Strength Strength Strength 
per Spot, per Spot, per Spot, per Spot, per Spot, per Spot, 
Grade Lb. Lb. Ft.-Lb. Lb. Lb.* Ft.-Lb. 
NE 8715 4050-4200 850-1150 45-55 4050-4200 2100-2400 65-76 
NE 8630 4250-4400 550-650 25-30 5250-5350 2600-2900 48-50 
SAE 4340 2200-2350 250-300 10-15 4600-5000 1200-2400 45-54 
* Minimum value readily exceeded over range of temper current. 
Maximum value shown is critically sensitive to temper current. 


The as-received material had a high surface contact 
resistance and gave inconsistency in the strength of 
tempered welds. The method of measuring surface 
contact resistance has been described in the literature.’ 
Since no inconsistency was experienced when welding 
as-received and degreased 0.062 in. NE 8715 material, 
it was not necessary to alundum grit blast the surface. 
This had been expected since this particular lot of steel 
gave consistently low values for contact resistance. 

It was found that a cool time of 28 cycles allowed com- 
plete transformation to a martensitic structure prior to 
tempering. A temper current of 82% of the weld cur- 
rent gave optimum weld properties. Hardness surveys 
for the as-welded and best temper conditions are plotted 
in Fig. 1. Curves showing the variation of normal ten- 
sion strength, shear strength, and shear impact strength 
with the temper current are presented in Figs. 2 and 3. 
Each point represents the average of three test specimens 
while the maximum and minimum strengths obtained 
at each temper current value are indicated by the ends 
of the vertical line drawn through each point. In the 
case of the shear strength curve, no variation from the 
average is indicated since it was found to be negligible. 
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Fig. 8—Normal Tension Strength as a Function of Tempering 
Current for SAE 4340 
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It is apparent from these curves that the maximum im- 
provement is obtained over a range of 80-88%, of the 
weld current. This is best indicated by the shear im- 
pact strength curve. It may also be of interest to note 
that the consistency of the normal tension specimens is 
best over this range. 

NE 8630.—Inconsistency, encountered with tempered 
spot welds when as-received NE 8630 material was used, 
was traced to high surface contact resistance. Wire 
brushing of this surface was not effective in improving 
the consistency, in spite of the fact that it did reduce the 
measured values of surface contact resistance. There- 
fore, it was necessary to alundum grit blast this steel. 
Tests showed that for the desired 0.27—0.28-in. weld 
diameter, a 40 cycle cool time was sufficient. Maximum 
weld tempering was attained with a temper current of 
83% of the weld current. For this condition the hard- 
ness level was reduced from 500 VPN to about 350 VPN 
as shown in Fig. 4. From Figs. 5 and 6 it may be seen 
that the maximum improvement in weld strength occurs 
over the range of temper current equal to 81-85% of the 
weld current. 

SAE 4340.—The SAE 4340 alloy steel was received 
with a definite thin flaky scale adhering to a considerable 
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Fig. 9—Variation of Shear and Shear Impact Strengths of SAE 
4340 with Temper Current 
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rtion of the surface. Wire brushing appeared to only 
buff the surface without removing this scale satisfac- 
torily. Alundum grit blasting was therefore again 
adopted to prepare the steel for spot welding. With 
this material a cool time of 45 cycles was found to be 
sufficient for complete transformation. A typical set 
of surveys showing the hardness obtained for as-welded 
and completely tempered welds are shown in Fig. 7. 
A temper current of 77% of the weld current gave opti- 
mum weld tempering. Figures 8 and 9 show the im- 
provement in normal tension, shear and shear impact 
strength with increasing temper current. .The normal 
tension strength was raised from 275 Ib. to 1200 lb. per 
spot over a range of temper current from 74-80% of the 


weld current. The maximum obtainable was 2400 Ib. 


per spot, but this is critically sensitive to the temper cur- 
rent. This behavior is characteristic of the more har- 
denable steels such as SAE 4340. 

The test results of all the work are summarized in 
Table 3. The greatest improvement is shown in the 
more hardenable NE 8630 and SAE 4340 steels. The 
results obtained in this investigation again emphasize 
the important fact that shear strength of tempered spot 
welds is not very sensitive to changes in temper current. 

The normal tension test, however, is highly susceptible 
to changes in temper current and is therefore most de- 
sirable for production control of the process. For the 
0.062-in. material the shear impact strength is also a good 


criterion of the effectiveness of the tempering operation. 
For the most hardenable steel used in this investigation, 
SAE 4340, the ordinary shear strength gives a satisfac- 
tory indication of proper tempering. 

Recommended welding conditions for all three steels 
are presented in Table 4. Photomacrographs of the 
welds before and after tempering are shown in Fig. 10. 

When the minimum cooling times as a function of the 
temperature at which martensite formation starts, des- 
ignated as the M, temperature, are plotted for 0.062-in. 


Table 4—Recommended Conditions for Spot Welding NE 
8715, NE 8630, and SAE 4340 Steels, 0.062-In. Thickness 


NE 8715 NE 8630 SAE 4340 

Electrode shape: 

Dome radius, in. 6 6 6 

Limiting diam., in. 5/16 5/16 5/16 

Conical apprcach 30° 30° 30 
Electrode force, lb. 1600 1800 2000 
Weld time, cycles 10 10 10 
Weld current, amperes 12,250 12,800 13,900 
Time between weld and tem- 

per, cycles 28 40 45 
Time of temper, cycles 10 10 10 
Temper current, ©) of weld 

current 80-88 81-85 74-80 
Spot diam., in. 0.27-0.28 0.27-0.28 0.27-0.28 


5 
“E+ 


? 


SAE 4340 - As Welded 


SAE 43540 - Tempered 


Fig. 10.—Photomacrographs of Weld Structure, Before and After Tempering. 8 x 
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0.125" THICKNESS 


NE 8715 


IN GYCLES— LOG SCALE 


= 0.062" THICKNESS 
NE 8630 
SAE 
040" THICKNESS 
SAE 1035 


SAE X-4130 
10 SAE 1020 


0.125" THICKNESS MATERIAL 0.062" THICKNESS MATERIAL 
45 CYCLE WELD 10 CYCLE WELD 
90 CYCLE TEMPER 10 CYCLE TEMPER 


0.56" WELD DIAMETER 0.27" WELD DIAMETER 


NE 875 


TTTTT 


MINIMUM 


0.040" THICKNESS MATERIAL 
6 CYCLE WELO 
6 CYCLE TEMPER 
0.22" WELD DIAMETER 


O — DATA INCOMPLETE 

500 600 
M, TEMPERATURE — °F 


Fig. 11—-Curve Showing Relationship Between Temperature of the Start of Martensite 
Formation, M,, and the Minimum Cooling Time 


F., whereas, for the other data shown 
in Fig. 11, the electrode cooling 
water temperature was 38° F. 

The relationships presented in Fig 
11 are of important application , 
the selection of welding conditions 
for making tempered spot welds. 
Since the determination of proper 
cool time is the most time consum. 
ing operation in the establishment 
of optimum welding conditions, the 
simplification provided by the above 
relationships greatly extends the use 


of the process with the accumula. . 


tion of additional data for a few 
more gauges, the proper coo! time 
for any gauge of any steel of known 
composition can be determined. 


Conclusions 


1. Tempering in the welding 
machine is very advantageous in 
improving the mechanical proper- 
ties of spot welds. 

2. For the 0.062-in. NE 8715 
the normal tension strength was 
more than doubled and the shear 
impact strength increased by 50°%. 

3. In the 0.062-in. NE 8630 steel 
the shear strength was improved by 
25%, the normal tension strength 
increased 5 times and the shear 
impact strength almost doubled. 

4. In the 0.062-in. SAE 4340 
steel the shear strength was more 
than doubled. The normal tension 
strength and the shear impact 
strength were both increased about 
4 times. 

5. The minimum cool time after 
welding and before tempering in- 
creased with the hardenability of 
the steel. The previously estab- 
lished relationship between chemi- 
cal composition and minimum cool 
time has been extended to include 
0.062-in. thickness steels. 


material along with the data found from previous inves- 6. A clean scale-free surface is necessary for the 
tigations with other thicknesses and materials, the rela- consistent heat treatment of spot welds. 


tionships shown in Fig. 11 are obtained. The value of 
the /, temperature for each steel was calculated from the 
following formula developed by Payson and Savage :* 
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A Method for Welding Sheet Aluminum 
to S.A.E. 4140 Steel 


By W. F. Hesst and E. F. Nippes, Jr.t 


Summary 


This investigation involves a study of a large variety of different 
metals used as an intermediate metal between aluminum and steel 
for the purpose of securing a good bond both from the viewpoint 
of strength and thermal conductivity. The work was carried on 
in the welding laboratory of the Rensselaer Polytechnic Institute, 
Troy, N. Y. The principal result of this investigation was that it 
was found possible to secure a satisfactory bond between aluminum 
and steel by electroplating the steel with a layer of silver of proper 
thickness. The welding equipment was then used to make a proper 
bond between the aluminum and the silver plating. In order to 
effect this bond it was found desirable to secure a heat balance by 
means of a high resistance insert between the electrode and the 
aluminum. A very important part of the problem which was 
properly solved by the method just mentioned was the effect of 
the welding operation upon the properties of the steel. The steel 
used in aircraft cylinder barrels, being of a very hardenable variety, 
would be damaged severely in its physical properties if it were 
necessary to make the bond between the aluminum and the steel at 
a temperature above the austenitizing temperature of the steel 
Another important part of the investigation includes the study of 
the best possible electroplating technique for securing bonds of 
maximum strength between the plated metal and the steel. Elec- 
troplating procedures were very carefully studied and optimum 
conditions developed for the plating of bonds of maximum strength 
upon steel. The results of this phase of the investigation may be 
of value in other problems. It should also be pointed out that the 
method of joining aluminum to steel herein developed, should be 
of importance to the solution of any problem involving the welding 
of aluminum to steel where strength is the primary consideration, 
whether or not thermal conductivity is important. 


Introduction 


HE possibility of increasing the horsepower of 

aircraft engines by improving the cooling ef- 

ficiency has raised the problem of welding of fins 
of material of high thermal conductivity to steel cylinders 
for aircraft engines. The specific problem herein studied 
involves the welding of half-hard 3S aluminum fins to 
S.A.E. 4140 steel cylinders. 

The problem in this investigation involves not only 
the bonding of aluminum to steel but also the making 
of this bond at a temperature sufficiently low to avoid 
damage to the heat-treated steel. The natural tendency 
of aluminum and steel is to form very brittle compounds 
when fused together. If during the making of the bond 
between aluminum and S.A.E. 4140 steel, the tempera- 


_* National Advisory Committee for Aeronautics Contract No. NAW-1227. 
This investigation is under the joint auspices of the N.A.C.A., the Army Air 
Corps and the Navy Bureau of Aeronautics in cooperation with the Resistance 
Welding Committee of the Welding Research Council. Other reports will be 
issued froth time to time as the work progresses in order to relay the informa- 
tion to the aircraft industry as rapidly as possible. August 1943. 

t Welding Laboratory, Rensselaer Polytechnic Institute, Troy, N. Y. 


ture goes above the austenitizing temperature of the 
steel, the rapid quench following the welding opera- 
tion will result in extremely hard and brittle structures m 
the S.A.E. 4140 steel. Thus, the problem was compli- 
cated by two sources of embrittlement, the formation 
of iron-aluminum compounds and the formation of a 
martensitic structure in the steel. 

Early experiments by other investigators, confirmed 
in this laboratory, showed that the seam welding of 
aluminum fins directly to S.A.E. 4140 steel cylinder 
barrels was unsuccessful because of the difficulties men- 
tioned above. 

In order to overcome the difficulty of welding alumi- 
num directly to steel the idea of using a third metal be- 
tween the aluminum and steel was investigated. It was 
hoped that a third metal would be found which would 
alloy sufficiently with steel and aluminum to permit the 
production of a strong bond between them but prevent 
the combination directly of aluminum and steel which 
would result in the formation of brittle compounds. Ina 
recent group of .experiments' the insertion of a third 
metal in the form of a foil between the aluminum and the 
steel was tried in the effort to prevent the formation of 
objectionable iron-aluminum compounds. It was found 
that with certain metals, such as silver, more ductile 
welds were obtained, but that the conditions for obtaining 
such a bond were very critical, owing to the difficulty of 
simultaneously welding aluminum to foil and foil to 
steel. In order to overcome this difficulty, it appeared 
necessary to completely absorb the foil in the aluminum. 
To accomplish this it was necessary to heat the alumi- 
num above its melting point for so long a time that it 
was almost impossible to avoid melting the aluminum 
through to the outside surface. This result pointed to 
the necessity for using thinner and thinner foil, which 
became difficult to handle. 


The difficulty of bonding aluminum to foil and, simul- 
taneously, foil to steel, indicated the desirability of ob- 
taining one of the bonds outside of the welding machine. 
Since some companies were already making aluminum- 
coated steel, it was decided to try welding aluminum fins 
to aluminum-coated steel. It proved to be a simple 
matter to weld the aluminum fin material to the alumi- 
num-coated steel. However, the strength of the bond 
between the coating and the steel was so low that the 
fin material pulled the coating away from the steel in a 
brittle manner. It was decided to undertake the present 
investigation based on the experience gained in the pre- 
vious tests, namely, that a third metal is necessary for 
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the proper bonding of aluminum to steel, and that elec- 
troplating would be used for bonding the third metal to 
the steel surface in preparation for subsequent welding of 
the aluminum fin to this surface. 

For the sake of simplicity this investigation was di- 
vided into three parts. The first of these was the general 
problem of bonding aluminum to steel through the use 
of an intermediate electrodeposited metal. The next 
part of the problem involved the study of the possibility 
of making a bond at a temperature below the austenitiz- 
ing temperature of the cylinder barrel steel. If this were 


possible the bonding process could be accomplished with. 
out metallurgical damage steel. The third phase of the 
problem was the development of a laboratory setup by 
which an actual cylinder barrel could be covered with 
fins bonded in accordance with the principles and prac- 
tices developed in this investigation. 

The report has been divided in two sections, the first 
discussing the bonding of aluminum to steel, and the 
second, the welding of aluminum to chrome-molybdenum 
steel which includes both the avoidance of hardening 
and the seam welding problems. 


Analysis and Discussion of Problem 
Part I—-Bonding of Aluminum to Steel 


Metallurgical Considerations 


Interference of the Oxide 


Due to its high heat of formation, aluminum oxide 
is always present to a greater or less thickness on the 
surface of aluminum. This oxide would tend to pre- 
vent the alloying action of aluminum with iron and 
would produce oxide inclusions in the weld. If the steel 
were heated in air to the melting temperature of alumi- 
num, the surface of the steel would become oxidized. 
This oxide would cling to the steel and would be difficult 
to flux and float off as the steel would remain solid dur- 
ing the welding operation. This oxide would thus pre- 
vent complete and satisfactory alloying and as a result a 
bond which has low strength and low thermal conduc- 
tivity would be produced. In order to prevent oxide 
formation on the steel, a process such has seam or spot 
welding must be used. A process such as this, however, 
demands materials of consistent electrical surface con- 
tact resistance, and thus the nature and thickness of the 
aluminum oxide film must be carefully controlled. 


The Nature of the Alloys of Iron and Aluminum 


If the oxide on the surface of the aluminum is ade- 
quately absorbed in the molten mass of aluminum dur- 
ing the welding operation, aluminum will alloy with the 
surface layer of the solid iron. Due to the fact that the 
diffusion of aluminum into solid iron is relatively slow 
compared with the diffusion of iron into molten alumi- 
num, a large amount of high-aluminum, low-iron alloy 
will be formed compared to the amount of low-alumi- 
num, high-iron-alloy. According to the iron-aluminum 
equilibrium diagram Fig. 1,? this will result in a large 
amount of compound formation as the high-aluminum, 
low-iron alloys contain the compound FeAl, FeAl, 
and Fe;Al;. Since these compounds are brittle in charac- 
ter, the resulting welds are likely to be brittle. Actual 
tensile testing of the welds, however, is the only practical 
way of evaluating this brittleness. As only small amounts 
of aluminum diffuse into the steel and since the alumi- 
num is soluble in the alpha solid solution up to 33% 
aluminum, there is likely to be little danger of brittle 
alloy formation in this region during the welding opera- 
tion. However, when the cylinder is placed in operation, 
the ordered lattice, FesAl, may form. The effect of this 
formation would be to strengthen the metal and decrease 
its ductility but, as far as this influence is concerned, it 
will be negligible compared with the effect of the brittle 
phase formations occurring in the high aluminum alloys. 
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The Need for a Third Metal 


As the difficulty with brittleness occurs in the alumi- 
num-steel welds, the introduction of a third metal be- 
tween the iron and aluminum may be utilized to elimi- 
nate this difficulty. Various types of alloys may be tried. 
These types may be classified as mutually soluble in 
iron and aluminum, soluble in either iron or aluminum, 
and insoluble in iron and aluminum. The solubility of 
two component alloys may be determined from the bi- 
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Zinc 
ssod- Zinc is similar to tin in many respects and in general 
: 2 Mets the diagrams show about the same structural features. 
' SSS SSS] Zinc forms two compounds with iron. Both of these 
: 2700 or hat ie compounds are known to be brittle and thus a brittle 
weld would be expected. While both tin and zine are 
t mutually soluble in iron and aluminum, they both tend 
’ to form brittle compounds and as a result the brittleness 
2500 of a weld may be due to the formation of these compounds 
g rather than the formation of an iron-aluminum compound 
in the mass of the tin or zinc. In view of this fact a mu- 
2300 tually soluble metal which is free from compound forma- 
tion should be tried, but none exists and thus tin and zinc 
2100 are typical possibilities. 
Silver 
y Silver is typical of alloys which are soluble in aluminum 
w 1900 but not in iron, as is shown in the constitutional diagrams, 
= Figs. 2 and 3. At 1200° F. silver is completely insoluble 
< —. in iron and vice versa. Also at this temperature, alumi- 
3 1700 num and silver alloys, from 20 to 100% aluminum, are 
a in the molten state and completely soluble. On decreas- 
= Ac + Fe ing the aluminum content below 20%, the melting point 
& 1500 of the alloy rapidly rises until the ‘melting point of silver 
4 at,1761° F. is reached. On welding these alloys, no alloy- 
ing action would occur between the iron and silver, but 
1300 the aluminum would be expected to gradually wash and 
diffuse silver into the molten aluminum. As the pure 
4 silver will remain solid during the welding, only small 
1, 1100 amounts of aluminum will be able to dissolve into the 
if re) 100 silver since the diffusion rate through a solid state is ex- 
7 IRON % BY WEIGHT tremely slow. As a net result, if the welding time is ex- 
tremely short and the silver layer reasonably thick, the 
Fig. 2—Silver-Iron Constitutional Diagram aluminum will not completely dissolve the silver film nor 
reach the iron interface and thus there is no danger of the 
formation of a brittle iron-aluminum phase. This silver 
bond should have excellent thermal conductivity since 
nary diagrams appearing in Hansen,’ while the ternary 
alloys on the whole have not been investigated but may 
be estimated by considering the binary alloy diagrams. 
As solubility is influenced by temperature and phase 2000 
changes and since the solubility at the welding tempera- 
ture,.i.e., the melting point of aluminum is of greatest ~ 
interest, the third metal will be classified as to its solu- isoo 
bility in the range of 1200° F. as well as room tempera- = ote bi 
ture. T 
MELT + o 
Tin 1600 
No third metal shows complete solubility in both iron 
and aluminum but tin is one of the closest approaches to u 1400 Me.T¢ 3 
this situation. Although tin and aluminum are com- : ‘nA 
pletely insoluble in each other at room temperature, w 
they are mutually soluble in the molten state, i.e., at x MELT +r 
1200° F. About 19% tin is soluble in alpha iron at 1200° !200F+ 
F. This means that tin can diffuse into the iron and a < - cadena 
good bonding action can be expected without any detri- e 1036 \_ 
mental effects being produced. About 2% iron is solu- ~ 1000 
ble in tin at 1200° F. while the structure from 2to19% = tie 
iron consists of molten tin solution and solid FeSnp. we y 
This means that when some of the iron diffuses into the = 800 Ts N\ 
molten tin and reaches the saturation limit, FeSn, will 
form at the iron-aluminum interface. This action will r i +o, 
effectively prevent further iron diffusion into the molten 
tin but may produce a brittle weld. As the tin layer be- 600 gil : 
tween the iron and aluminum is likely to be very thin, He AG An \ 
the iron and aluminum will both dissolve in the molten e 
tin and will come in contact with each other. This may 400 \ 
lead to the formation of an iron-aluminum compound fe) 20 40 60 80 100 
and thus a brittle weld. However, if the thickness of the : 
tin is sufficient and the diffusion rates slow enough, this ALUMINUM % BY WEIGHT 
action will not occur. Fig. 3—Silver-Aluminum Constitutional Diagram 
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Table 1—Contact Resistance Measurements 


Stock: 0.040 in. 3S half-hard 

Treatment: Oakite 84A, 6 oz. per gallon, 180° F, 
4-in. radius dome tips 

1000 Ib. pressure 


Time of Contact Resistance Average Contact 
Treatment, Measurements, Resistance, 
Min. Microhms Microhms 
0 Over 1000 Over 1000 
2 95, 99, 103 99 
3 98, 107, 101 102 
4 109, 96, 98 101 
5 105, 98, 102 102 
6 108, 100, 110 106 
10 160, 145, 154 153 


silver is a good thermal conductor. The strength of the 
bond depends entirely upon the bond between the iron 
and silver. As the bonding strength between two grains 
of the same phase and grains of different phases has not 
been definitely established, the bond may be very strong 
and, if so, this should be a very satisfactory method of 
bonding steel to aluminum. 


Copper 


Copper also lies in this same class with silver although 
there is some solubility of iron in copper and vice versa. 
The range of solubility of copper in aluminum is more 
limited, aluminum and copper alloys at 1200° F. are 
soluble in the liquid state from 40 to 100% aluminum. 
On decreasing the aluminum content below 40%, the 
melting point of the alloys increases until the melting 
point of copper is reached at 1981° F. On welding these 
alloys, as with silver, no alloying action would occur 
between the iron and the copper, but the molten alumi- 
num would dissolve the copper gradually. Since the 
copper remains solid during welding, the formation of 
brittle iron-aluminum compounds is avoided as was ex- 
plained in the case of silver. However, formation of the 
brittle theta phase, CuAh, is likely to give brittle welds. 


Nickel 


Although nickel and iron form either the face or body 
centered solid solutions at 1200° F., since the nickel re- 
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Fig. 4—Press for the Measurement of Contact Resistance 
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Fig. 5—Kelvin Double Bridge Circuit 


mains solid during the welding, its case is similar to that 
of copper. Nickel, however, is soluble in the liquid state 
only from 94 to 100% aluminum at 1200° F. As with 
copper, brittle phase formations are likely to occur in 
the nickel-aluminum alloys. 


Chromium 


Chromium at 1200° F. forms a continuous solid solu- 
tion with iron, while it is practically insoluble with alumi- 
num. However, in the range from 79 to 99.6% alumi- 
num, two phases, melt and Al;Cr exists above 1222° F. 
Here again, the formation of brittle iron-aluminum 
phases is avoided since the chromium does not melt dur- 
ing the welding. However, the formation of brittle 
chromium-aluminum phases is likely. 


Table 2—Effect of Tin on the Welding of Aluminum to Steel 


Welding Spot Shear Nugget 
Current, Strength, Type of Penetration, 
Amp. Lb. Failure % 
Aluminum Directly to Steel 
15,200 310 BS 40 
15,700 340 BS 50 
16,100 440 BS 60 
16,600 470 BS 75 
Tin Plate Thickness—0.025 Mil 
15,600 150 BS 10 
16,300 240 BS 15 
16,700 380 BS 60 
16,900 410 BS 60 
Tin Plate Thickness—0.05 Mil 
16,000 120 BS 15 
16,300 140 BS 25 
16,600 430 BS 90 
16,800 460 BS 95 
Tin Plate Thickness—0.125 Mil 
15,800 70 BS 15 
16,200 90 BS 20 
16,600 290 BS 60 
17,000 360 BS 90 
Tin Plate Thickness—0.25 Mil 
15,800 50 BS 2 
16,200 80 BS 10 
16,600 220 BS 60 
17,000 430 BS 75 
Tin Plate Thickness—0.50 Mil 
16,000 40 BS 2 
16,400 170 BS ‘ 30 
16,800 340 BS 60 
17,200 490 BS 95 


Norte: All values represent average of 3 specimens. 
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Cadmium 


No metal is completely insoluble in both iron and 
aluminum. Cadmium, however, approaches this better 
than most metals and thus will be considered as typical 
of this class. At 1200° F., molten cadmium has no solu- 


Table 3—Effect of Nugget Penetration on Spot Shear 
Strength for Aluminum Welded to Tin-Plated Steel, 0.125- 
Mil Tin Plate Thickness 


Nugget Spot Shear 
Penetration, % Strength, Lb. 


2 20 
iO 40 
10 110 
15 80 
30 70 
30 160 
40 180 
50 310 
70 250 
90 380 
90 400 
95 450 


bility in iron and vice versa. A com- 
pound Cd,Fe, however, is possible in 
this system. Cadmium and alumi- 
num are completely insoluble with 
respect to each other up to 1200° F. 
Above this temperature, the alloys 
are completely molten but exist as in- 
soluble liquid phases of a5%Cd-95% fj 
Al alloy and pure cadmium. As the 
temperature rises these compositions 
remain more or less the same until well 
above the temperature range of in- 
terest in this welding process. On 


Table 4—Effect of Tin Plate Thickness on Spot Shear 
Strength for Various Nugget Penetrations 


Nugget 
Penetra- Average Spot Shear Strength in Pounds 
tion, % for the Following Plate Thicknesses in Mils 
0.000 0.025 0.050 0.125 0.250 0.500 
20 170 150 115 90 125 175 
40 290 250 215 180 215 275 
60 375 325 300 270 305 375 
80 430 400 385 360 390 460 
100 460 460 465 450 475 540 


welding these alloys, cadmium and aluminum would both 
melt but the diffusion of aluminum into cadmium will 
not take place. Molten aluminum, however, will dissolve 
up to 5% cadmium. This would aid in assuring a good 
bond as it would tend to move the cadmium-aluminum 
interface away from its original position, where a thin 
layer of aluminum oxide exists as a diffusion barrier and 
a plane of weakness. If the cadmium plate is thin or the 
welding electrode pressure excessive, the cadmium may be 
completely dissolved in the aluminum or be pushed away 
from the weld region. This would thus result in the alloy- 
ing of iron and aluminum and the production of a brittle 
weld. 


Experimental Procedure 


General Aspects 


Since an adequate supply of S.A.E. 4140 was not read- 
ily available or absolutely necessary for a study of 
this problem, a low-carbon, rimming steel was selected 
for the study of the general problem of bonding alumi- 
num to steel. As 3S half-hard aluminum was to be used 
as the fin metal, this material was selected as representa- 
tive of aluminum and its alloys. The increased strength 
of the half-hard material over the annealed 3S stock in- 
sures ample rigidity and resistance to deformation in 
service. 

The introduction of the third metal was accomplished 
by electroplating. The use of metal foils instead of elec- 
troplating was tried previously,’ but the possibility of 
oxides on two interfaces and the difficulty of thin foil 
production and handling, compared to plating, made the 
plating method seem much more practical. 

Seam welding of the fins to the chrome-molybdenum 
cylinders is the ultimate goal of this process. However, 
many variables are difficult to control in a seam welding 
operation and thus spot welding was selected for use in 
the study of the bonding problem. Welding pressures, 
currents, and times were investigated for the various 
metal plates and plate thicknesses. The character of the 
resulting welds was investigated by a tensile test and the 
amount of fusion in the aluminum determined by a quick 
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Fig. 7—Photomacrograph of Aluminum Welded to Steel. 10 X. Etched with 1.5% 
HF. Black Area in Aluminum Sheet Is the Fused Zone or Weld Nugget 
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Welding 
Current, 
Amp. 


15,200 
15,700 
16,100 
16,600 


16,500 
16,800 
17,100 
17,400 


16,600 
17,000 


Spot Shear 
Strength, Type of 
Lb. Failure 
Aluminum Directly to Steel 

310 BS 
340 BS 
440 BS 
470 BS 

Zine Plate Thickness—0.05 Mil 
430 BS 
430 BS 
470 BS 
430 BS 

Zine Plate Thickness—0.125 Mil 
310 BS 
370 BS 
420 BS 
480 BS 

Zine Plate Thickness—0.25 Mil 
170 BS 
230 BS 
190 BS 
320 BS 

Zinc Plate Thickness—0.50 Mil 
390 BS 
400 BS 
430 BS 
400 BS 


Table 5—Effect of Zinc on the Welding of Aluminum to Steel 


Nugget 


Penetra- 


tion, % 


Nugget 
Penetra- 
tion, % 

20 

40 

60 


80 
100 


Table 6—Effect of Zinc Plate Thickness on Spot Shear 
Strength for Various Nugget Penetrations 


Average Spot Shear Strength in Pounds 
for the Following Plate Thicknesses in Mils 


0.000 0.050 0.125 0.250 
170 260 285 295 
290 340 345 350 
375 395 395 400 
430 435 440 440 
460 470 470 470 


0.500 


Welding 
Current, 
Amp. 


15,200 
15,700 
16,100 
16,600 


16,000 
16,400 
16,700 
17,100 


Spot Shear 
Strength, Type of 
Lb. Failure 
Aluminum Directly to Steel 
310 BS 
340 BS 
440 BS 
470 BS 
Silver Plate Thickness—0.05 Mil 
360 BS 
490 DS 
540 DT 
560 DT 
Silver Plate Thickness—0.125 Mil 
520 DT 
520 DT 
530 DT 
540 DT 
Silver Plate Thickness—0.250 Mil 
470 DS 
490 DT 
530 DT 
570 DT 
Silver Plate Thickness—0.50 Mil 
570 DT 
570 DT 
590 DT 
590 DT 


Table 7—Effect of Silver on a Welding of Aluminum to 


Nugget 
Penetra- 
tion, % 


SSSS 


WELDING RESEARCH SUPPLEMENT 


section test. Thermal conductivity tests have not been 
made to date but it is felt that if the weld has goog 
strength, an intimate metal contact must exist. This 
intimate contact would thus insure a good thermal bond, 
since the thickness of any alloy or third metal which js 
used to aid bonding is practically negligible. 


Preparation of the Steel for Electroplating 


Steel specimens of 0.037-in. automobile body stock 
were sheared into sections 4 x 1 in. These specimens 
were then straightened in a vise and degreased by boiling 
in a saturated solution of trisodium phosphate for 10 
min., washing in boiling water, wiping with a clean towel, 
rinsing for 5 min. in 0014 and drying with a clean towel, 
The specimens were further prepared by pickling in 50% 
concentrated hydrochloric acid for 1 min., rinsing in cold 
water, drying with a clean towel, flash pickling in 50% 
concentrated hydrochloric acid, rinsing in cold water and 
drying with a clean towel. These specimens were then 
immediately plated. If the specimens could not be 
plated immediately, they were stored in a desiccator and 
flash pickled in 50% concentrated hydrochloric acid prior 
to plating. 
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Fig. 8—Effect of Tin Thickness on Weld Properties 


Electroplating Techniques 

Methods for the production of strongly adherent de- 
posits of tin, zinc, silver, copper, nickel, chromium and 
cadmium were studied. These are described in the fol- 
lowing paragraphs. Various thicknesses of plates on the 
steel were made by variation of the plating time. 
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Fig. 9—Effect of Nugget Penetration on Spot Shear Strength 
for Aluminum Welded to Tin-Plated Steel 


1. Tin Plating.—A sodium stannate bath,* was used 
to tin plate the steel. This bath consisted of: 


This bath operates satisfactorily under the following 
conditions: 


Bath temperature............ 165° F. 
Anode current density........ 25 amp./sq. ft. 
Cathode current density...... 25-30 amp./sq. ft. 


The control of the anode current density is quite im- 
portant in this bath. If the anode current density is too 
low, little or no oxygen is produced at the anode and an 
appreciable amount of tin is dissolved in the stannous 
state. The presence of excessive stannous ions in the 
bath produces unsatisfactory deposits. The solution 
should possess a light gray to light straw color. Stannous 
ions readily turn the color of the bath to a brownish 
black. The addition of hydrogen peroxide will immedi- 
ately correct this difficulty by oxidation of the stannous 
tin to the stannic form. If inadequate hydroxide is in the 
solution, the anodes coat over with oxide and the solu- 
tion is depleted of stannic ions with the resulting loss in 
plating efficiency. The proper hydroxide balance is 
maintained by addition of sodium hydroxide or acetic 
acid. Too high caustic content will promote unsatisfac- 
tory deposits by causing the stannous ion content to rise. 


——— 


Table 8—Effect of Silver Plate Thickness on Spot Shear 
Strength for Various Nugget Penetrations 


Nugget 
Penetra- Average Spot Shear Strength in Pounds 
tion, % for the Following Plate Thicknesses in Mils 
0.000 °*0.050 0.125 0.250 0.500 
20 170 450 455 460 535 
40 290 500 500 535 555 
60 375 525 525 57 580 
80 430 550 545 580 595 
100 460 550 555 590 600 


2. Zinc Plating.—The zinc plating bath‘ was of the 
alkaline cyanide type and consisted of : 


The bath was operated under the following conditions: 
Cathode current density.......... 15 amp./sq. ft. 
Bath temperature............... 115° F. 


In alkaline plating solutions, zinc may be found either 


as sodium zincate Na,ZnO, or the double cyanide Na,Zn- 
(CN),. For best results a mixture of these two salts is 
desirable. Zinc oxide and sodium cyanide react as fol- 
lows: 


2ZnO + 4NaCN — NaeZnO, + NaZn(CN), 


The plating solution which is a high alkali bath, con- 
tains 1.5 N total cyanide, 1.3 N total alkali and 1.0 NV 
zinc and hence may be considered as containing 0.75 N 
NaeZn(CN),4, 0.25 N Na,ZnO, and 0.8 N free NaOH. 

3. Silver Plating.—TIi a steel article is immersed in the 
regular plating bath, a loosely adherent silver plate forms 
by replacement. In order to avoid this difficulty, the 
steel must first be plated for a short time in a strike 
solution. The strike solution has such a low concentra- 
tion of silver that no plate forms upon simple immersion. 
After striking, plating is continued in the regular plating 
bath. 

In the regular plating bath the metal content is fur- 
nished by the double cyanide KAg(CN)s. Excess free 
cyanide is maintained and is helpful in increasing con- 
ductivity, throwing power and anode corrosion. Potas- 
sium carbonate also increases the conductivity of the 
solution. 

Carbon disulphide is used in baths as a brightener and 
as such only a trace is required. Nothing much is 
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Fig. 10—Effect of Tin Plate Thickness on Shear Strength for 
Various Nugget Penetrations 
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known of the action of this addition agent except that 
its use results in finer grained and denser deposits. 
The strike solution had the following composition: 


It was operated under the following conditions: 
' Cathode current density.......... 20 amp. /sq. ft. 
Bath temperature............... 70-80” F. 


The plating bath which was used had the following com- 
position: 


<> «4 38 gm./liter 
It was operated under the following conditions: 
Cathode current density........... 6 amp./sq. ft. 
Bath temperature................ 70-80° F. 


4. Copper Plating.—The copper plating bath‘ was of 
the alkal.ne cyanide type and consisted of : 


The bath was operated under the following conditions: 


Cathode current density.......... 10 amp./sq. ft. 
Bath temperature............... 95-104° F. 
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Fig. 11—-Effect of Zinc Thickness on Weld Properties 
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Table 9—Effect of Copper > ecg Welding of Aluminum t, 


Welding Spot Shear Nuggett 
Current, Strength, Type of Penetra- 
Amp. Lb. Failure tion, ‘ 

Aluminum Directly to Steel 
15,200 310 BS 40 
15,700 340 BS 50 
16,100 440 BS 60 
16,600 470 BS 75 
Copper Plate Thickness—0.050 Mil 
16,900 230 BS 25 
17,200 240 BS 40 
17,800 290 BS 60 
18,300 480 BS 90 
Copper Plate Thickness—0.125 Mil 
18,000 180 BS 30 
18,500 70 BS 20 
18,800 320 BS 70 
19,200 480 DT 80 
Copper Plate Thickness—0.250 Mil 
19,200 420 BS 30 
19,900 490 BS 40 
20,600 530 DS 50 
21,400 560 DT 70 
Copper Plate Thickness—0).50 Mil 
21,400 450 BS 20 
22,300 480 DS 25 
23,200 540 DT 40 
24,800 570 DT 50 


In the alkaline copper baths, the main constituent is 
sodium cuprocyanide, NagCu(CN);, containing copper 
in the cuprous state. The bath described above contains 
as active agents 0.25 N CuCN and 0.65 N NaCN and 
hence may be considered 0.25 N Na,Cu(CN); and 0.15 
N “free cyanide.” The addition of sodium carbonate 
NazCO; decreases the tendency for the cyanide to de- 
compose. 
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Fig. 12—Effect of Zinc Plate Thickness on Shear Strength for 
Various Nugget Penetrations 
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Table 10—Effect of Copper Plate Thickness on Spot Shear 
Strength for Various Nugget Penetrations 


Yugget 
By | Average Spot Shear Strength in Pounds 
tion, % for the Following Plate Thicknesses in Mils 
0.000 0.050 0.125 0.250 0.500 
20 170 160 190 290 450 
40 290 275 300 490 550 
60 375 360 380 540 575 
80 430 430 440 575 580 
100 460 475 480 590 590 


5. Nickel Plating. —The nickel plating bath‘ was the 
“single salt solution’ and consisted of: 


15 gm./liter 
15 gm./liter 


This bath was operated under the following conditions 


Cathode current density...... 15 amp./sq. ft. 
Bath temperature............ 68-85° F. 


The NiSO,7H,0 provides the nickel ion, NH,Cl and 
NiCICl,-6H,O increase the conductivity of the solution 
and promote anode corrosion, while the H;BO; acts as a 
buffer. When the pH of the bath rises, say to 6, deposits 
are dark and are likely to curl. On the other hand, if 
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Fig. 13—Effect of Silver Thickness on Weld Properties 
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Fig. 14—Effect of Silver Plate Thickness on Shear Strength 


for Various Nugget Penetrations 


the pH drops, say to 4, the deposits are bright, pitted 
and cracked. 

6. Chromium Plating.—The bath used for chromium 
plating‘ consisted of : 


2.5 gm./liter 


The plating was done at 125° F. with the following pro- 
cedure: 


1. Reverse plate (specimens anodic) for 10 sec. with 
current density of 320 amp./sq. ft. 

2. Plate for 1 min. at 200 amp./sq. ft. 

3. Finish plating at 320 amp./sq. ft. 


The improvement in plating chromium on steel by 
making the specimens first anodic has been explained in 
several ways. In one explanation, its anodic action is 
thought to render the steel surface passive, while in an- 
other explanation the surface impurities such as carbon 
are thought to be removed by the oxidizing action. 

The use of low current density for the first minute of 
plating was found to improve the appearance of the 
plate. Past experience has shown that the character of 
a chromium plate is determined by the first moments of 
plating. 

7. Cadmium Plating—The cadmium plating bath‘ 
was of the alkaline cyanide type and consisted of : 


75 gm./liter 
Its operating conditions were: 


Cathode current density...... 40 amp./sq. ft. 
Bath temperature............ 70-80° F. 


In alkaline plating solutions, cadmium is found as the 
double cyanide NaCd(CN);. Baths usually contain ap- 
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Fig. 15—Photomicrograph of Weld Interface. 1000 X. Polished unetched 


preciable amounts of free cyanide and alkali. Cadmium 
oxide and sodium cyanide react as follows: 


CdO + 3NaCN + H,O — NaCd(CN); + 2NaOH 


Cadmium, unlike zinc, does not react with sodium hy- 
droxide. The plating solution as shown above contains 
0.5 N cadmium and 1.5 N sodium cyanide and hence 
may be considered containing 0.5 N NaCd(CN)s, 0.75 NV 
free NaCN and 0.5 N free NaOH. 


Preparation of the Aluminum for Welding. 


3S half-hard specimens of 0.040-in. stock were sheared 
into 1- x 3-in. sections and straightened in a vise without 
marring the surface. As stated before, aluminum oxide, 
due to its high heat of formation, is always found to a 
greater or less extent on the surface of aluminum. This 


taining 3 oz. of Oakite Aviation 
Cleaner per gallon of water. After 
rinsing in hot water, a consistent 
oxide film is produced by a 5-min. 
treatment in a 180° F. treating soly- 
tion containing 6 oz. of Oakite 844 
cleaner per gallon of water. This 
treating bath contains sodium acid 
sulphate as an oxide-removing agent 
and organic compounds as wetting 
agents. The effect of this bath in 
producing an aluminum surface 
which will possess consistent contact 
resistances was studied. 

All contact resistance measure- 
ments were made in a hydraulic 
press equipped with 4-in. R dome 
welding electrodes as illustrated in 


Fig. 4. Pressure, which was main- ° 


tained at 1000 lb., was measured by means of a cali- 
brated spring. Resistance measurements were made with 
a Kelvin double bridge as illustrated in Fig. 5. It was 
found that consistent contact resistances of approxi- 
mately 100 microhms were obtained between two 0).040- 
in. 3S half-hard sheets treated for 5 min. with Oakite 
84A. The results of these tests are shown in Table 1 and 
Fig. 6. It is noticed that contact resistance falls during 
the first minute of treatment as the original oxide layer is 
dissolved. Then, for several minutes the contact re- 
sistance remains constant and finally rises again due to 
another film forming on the surface. 


oxide film, which would cause poor metallurgical bonding 600. 
conditions, should be removed. Although this film can- 
not be completely removed, its thickness was greatly re- 
duced by chemical methods. 
In this chemical method,’ the specimens are degreased 
by a 5-min. treatment in a 180° F. cleaning solution con- 
500 
0.090 
Table 11—Effect of Nickel on the Welding of Aluminum to 1 
Steel 
Welding Spot Shear Nugget _ 
Current Strength, Type of Penetra- | 
Amp. Lb. Failure tion, % 
Aluminum Directly to Steel Fed 400 
15,200. 310 BS 40 
15,700 340 BS 50 Ww 
16,100 440 BS 60 ioe 
16,600 470 BS 75 5 
Nickel Plate Thickness—0.050 Mil 0125 
14,900 170 BS 35 = 
15,300 370 DS 60 w 300 
15,700 470 DS 75 4 
16,100 520 DS 95 
Nickel Plate Thickness—0.125 Mil 5 
14,700 200 BS 35 a. 
15,100 320 BS 55 n” 
15,400 350 BS 40 
15,700 430 DS 70 200 . 
Nickel Plate Thickness—0.250 Mil PLATE THICKNESS 
14,600 210 BS 35 IN MILS 
15,000 300 BS 45 ' 
15,100 440 BS 70 
15,400 490 DS 80 
Nickel Plate Thickness—0.50 Mil i00 4 
15, B 50 
15,700 480 DS 90 CURRENT — KILOAMPERES 
16,000 470 DS 90 
Fig. 16—Effect of Copper Thickness on Weld Properties 
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Fig. 17—Effect of Copper Plate Thickness on Shear Strength 
for Various Nugget Penetrations 


Spot Welding 


The concentration of heat at the iron-aluminum inter- 
face is a major problem in this spot welding investigation. 
Another problem of major importance when spot welding 
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Fig. 18—Effect of Nickel Thickness on Weld Properties 


aluminum to steel is the question of electrode indentation. 
In the region of the melting point, aluminum is weak and 
thus if flat tips are used, severe indentation occurs on 
welding. In order to eliminate this effect and concen- 
trate the development of heat in the aluminum, a 4-in. 
radius dome was used as the aluminum welding electrode. 
In order to minimize heating of the steel, which for 
higher carbon and alloy steels might result in objection- 
able hardening, a flat electrode was used against the steel 
to reduce the current density in the steel. One of the ob- 
jectionable features of welding aluminum is the pickup 
of aluminum which occurs on the welding electrodes. 
Periodically, for example, every 50 welds, this pickup 
must be removed. The use of No. 240 emery cloth has 
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Fig. 19—Effect of Nickel Plate Thickness on Shear Strength 
for Various Nugget Penetrations 


been found to be the most satisfactory method of clean- 
ing the electrodes. When the pickup becomes severe, 
the electrodes must be remachined. 

Welding was performed on a Federal 175-kva. Spot 
Welder having a turns ratio of 80 to 1. The primary 
voltage was maintained at 350 v., while the magnitude 
and length of current flow were controlled by a thyratron 
control panel. Primary currents were measured by a 
pointer-stop ammeter. Electrode pressures were ad- 
justed and controlled by pressure control of the air to the 
bellows of the welding machine. 

When a set of specimens was welded, a rough evalua- 
tion of the welding heat was made by investigating the 
amount of fusion produced in the aluminum. After de- 
termining the range of currents to be used, welds were 
made at various intermediate currents and each current 
was measured by the pointer-stop ammeter. Two addi- 
tional similar sets of welds were made, giving three speci- 
mens made under identical conditions but not in im- 
mediate succession. This process tends to minimize the 
effect of a small amount of pickup on the welding elec- 
trode in contact with the aluminum and at the same time 
provides three specimens for tensile testing. 
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Testing of Welds 


The welded strips of aluminum and iron were pulled 
in Templin grips on a 60,000-Ib. Southwark-Emery hy- 
draulic testing machine using the 5000-Ib. testing dial. 
A testing rate of 0.06 in. per minute was used. When the 
ultimate strength was observed, the load was released 
and the character of the failure noted. Failures were 
classified as ‘‘ductile tear,’’ “ductile shear’ or “‘brittle 
shear.”’ In a ductile tear failure, the weld failed by pull- 
ing a plug out of the aluminum sheet. A ductile shear 
failure occurred when the weld interface failed but not 
until considerable bending of the aluminum sheet had 
taken place. If the weld separated at the interface with 
little or no bending of the aluminum sheet, the type of 
failure was termed brittle shear. 

The extent of fusion was then determined by the quick 
section test. This test involves sectioning the weld 
with a saw, filing a smooth surface and etching the sur- 
face from 1 to 3 min. in a solution of 1.5% hydrofluoric 
acid. This etching reveals the outline of the fused alumi- 
num nugget as is shown in Fig. 7, a photomacrograph 
at 10 X. An evaluation of the nugget size is made by 
estimating the per cent penetration of the fused region 
into the aluminum sheet, which has been designated as 
“nugget penetration.” 


Discussion of Results 


Welding Variables 


There are five variables which must be established in 
this spot welding investigation: electrode pressure, 
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Fig. 20—Effect of Chromium Thickness on Weld Properties 
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Fig. 21—Effect of Chromium Plate Thickness on Shear Strength 
for Various Nugget Penetrations 


welding time, welding current, the third metal and the 
thickness of the third metal. 

Generally, it was found that electrode pressures of 
over 1000 Ib. resulted in too much indentation in the 
aluminum sheet. On the other hand, electrode pressures 
of less than 600 Ib. gave very erratic results as determined 
by tensile and quick-section tests. For these reasons, 
the electrode pressure was standardized at 800 Ib. 

Since seam welding would be the final application of 
this investigation, the shortest satisfactory welding time 
would be of the greatest interest. On the other hand, 
very short welding times would have more of a tendency 
to heat the steel above its critical temperature. This re- 
sults from the fact that a large portion of the heat is de- 
veloped in the steel and this heat must be conducted to 
the aluminum. In order to obtain the same amount of 
fusion in the aluminum in both a short- and long-time 
weld, approximately the same amount of heat must be 
developed. When this heat is developed in a much 
shorter time, higher temperatures will be reached in the 


- steel. In order to strike a satisfactory balance, 10 cycles 


was chosen as the welding time. 

The current used in the welding operation influences 
the amount of fusion in the aluminum sheet. In all cases, 
current was controlled between two critical values; 4 
current which just produced fusion in the aluminum 
and a higher current which produced 100% fusion, in 
which the aluminum was fused completely through from 
steel to electrode. In the final application, as low a cur- 
rent as will produce satisfactory welds should be em- 
ployed since this will lessen the danger of heating the 
steel above its critical temperature, and reduce the 
aluminum pickup on the electrodes. 


Welding of Aluminum to Tin-Plated Steel 


In welding tin-plated steels to aluminum, four trends 
were disclosed : 


MARCH 


4 
t! 
100 O O 
S 
O 
400 
| 
200 
on 
fa' 
fa 
in 
st 
fo 
th 
re 
ef 
— 
of | a 
| 
= 
ine 


— 


Table 12—Effect of Nickel Plate Thickness on Spot Shear 
Strength for Various Nugget Penetrations 


Nugget 

Penela Average Spot Shear Strength in Pounds 

tion, % for the Following Plate Thicknesses in Mils 

0.000 0.050 0.125 0.250 0.500 

20 170 120 120 120 120 
40 290 240 240 240 240 
60 375 365 365 365 360 
80 430 475 475 470 470 
100 470 530 530 530 530 


Tin plating does not increase the strength and duc- 
tility of the iron-aluminum bond. 
2. Only brittle shear type failures occur. 
3. When shear type failures occur, consistent 
strengths are not obtained. 
4. For a given plate thickness, higher currents and 
thus larger nuggets produce greater strength. 


For various tin plate thicknesses, the effect of current 
on the spot shear strength, nugget penetration and type 
of failure is shown in Table 2 and Fig. 8. The type of 
failure designated as “‘BS’’ indicates a brittle shear 
failure, and “DS” and “DT,” while not encountered 
in the testing of tin-plated specimens, indicate ductile 
shear and ductile tear failures, respectively. 

As the nugget penetration increased, the spot shear 
strength increased as indicated in the data of Table 3, 
for a 0.125-mil tin plate thickness. The average values 
of the spot shear strength at 20, 40, 60, 80 and 100% 
nugget penetration were obtained graphically from 
these data as illustrated in Fig. 9. This procedure, when 
repeated for the various plate thicknesses, compiles the 
effect of tin plate thickness on the shear strength for vari- 
ous nugget penetrations as shown in Table 4 and Fig. 10. 

The strength and ductility of the iron-aluminum bond 
are not increased, due possibly to the formation of a 
brittle compound. Two possibilities of this compound 
formation are likely. The tin and iron may form the 
compound FeSn, which might produce this effect. How- 


Table 13—Effect of Chromium on the Welding of Aluminum 
to 


Steel 
Welding Spot Shear Nugget 
Current, Strength, Type of Penetra- 
Amp. Lb. Failure tion, % 
Aluminum Directly to Steel 
15,200 310 BS 40 
15,700 340 BS 50 
16,100 440 BS 60 
16,600 470 BS 75 
Chromium Plate Thickness—0.050 Mil 
18,600 320 BS 40 
19,300 340 BS 50 
20,000 350 BS 60 
20,700 450 BS 95 
Chromium Plate Thickness—0.125 Mil 
18,600 350 BS 40 
19,300 360 BS 45 
19,900 450 BS 70 
20,700 420 DS 7 
Chromium Plate Thickness—0.250 Mil 
18,600 370 BS 40 
19,300 440 BS 45 
19,900 460 BS 70 
20,600 470 DS 80 
Chromium Plate Thickness—0.50 Mil 
18,400 430 BS 35 
19,000 470 . DS 40 
19,800 470 DS 40 
20,400 500 DS 50 
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ever, since I ttle difficulty is encountered in hot-dipped 
tin plate, this possibility of brittleness is considered 
highly unlikely. The second possibility is the formation 
of a brittle iron-aluminum compound. This compound 
might form at the welding temperature if the pressure 
forced the molten tin from the welding interface or if the 
tin were completely absorbed in the molten aluminum. 
Visual observation of the shear failures and microscopic 
examination of the weld interface gave substantiation to 
this second possibility, since tin was not evident in the 
bond. 
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Fig. 22—Effect of Cadmium Thickness on Weld Properties 


In all cases, in the welding of tin-plated steel to Oakite- 
treated aluminum, brittle shear type failures were found. 
This type of failure is due to a combination of low bond 
shear strength and low ductility. Low ductility ma- 
terials will not yield when subjected to a concentrated 
stress and thus do not allow a more even distribution of 
stress. As a result, these materials allow high stresses 
and high stress gradients to occur and thus failure occurs 
locally and progresses across the load-carrying area. 
This progressive failure effectively lowers the load-carry- 
ing capacity of the stressed section and results in a shear 
type failure. These progressive failures do not, in gen- 
eral, produce consistent tensile results. 

Higher currents produce greater strength for any plate 
thickness. This improvement of strength is explained 
by the larger interface area and a better bonding per 
unit area which results from larger nuggets formed by 
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Fig. 23—Effect of Cadmium Plate Thickness on Shear Strength 
for Various Nugget Penetrations 


higher currents. A larger nugget produces better unit 
area bonding since a larger pool of molten metal may re- 
move by turbulence more of the aluminum oxide from 
the plane of the aluminum interface. 


Welding of Aluminum to Zinc-Plated Steel 


The welding investigation of zinc-plated steel to alumi- 
num discloses the same general trends as were noted in 
tin (see Tables 5 and 6 and Figs. 11 and 12). The rela- 
tive strength and ductility were less for the zinc-plated 
steels. This is possibly due to the formation of more 
brittle compounds in the iron-zine system. 


Welding of Aluminum to Silver-Plated Steel 


In the investigation of the welding of silver-plated 
steel to Oakite-treated aluminum, it was found that as 
the plate thickness increased, the type of failure became 
more ductile. Figure 13 shows the general effect of plate 
thickness on the relationship between strength and weld- 
ing current. The heavy dashed line in this figure repre- 
sents the approximate dividing line between ductile tear 
failures and ductile or brittle shear failures. It will be 
noted that a plate thickness of above 0.05 mil produces a 
ductile tear failure if the current is sufficient to produce 
only a little fusion in the aluminum. Considering the 
welds made using specimens with thinner silver plates, 
ductile tear failures in the aluminum occur only if a 
higher current and greater nugget penetration are em- 
ployed. This is revealed by examination of Table 7. The 
effect of silver plate thickness on the spot shear strength 
for various nugget penetrations is shown in Fig. 14 and 
Table 8. Higher currents, which result in greater nugget 
penetration and heat-affected areas, increase the ductility 
of the half-hard aluminum sheet. As a less ductile ma- 
terial does not have the ability to distribute the stress 
over a larger area, high stress gradients will result at the 
bond interface. The existence of high stress gradients 
at the bond interface will, in general, result in lower load- 


Table 14—Effect of Chromium Plate Thickness on Spot 
Shear Strength for Various Nugget Penetrations 


Nugget 
Penetra- Average Spot Shear Strength in Pounds 
tion, % for the Following Plate Thicknesses in Mils 
0.000 0.050 0.125 0.250 0.500 
20 170 175 175 240 275 
40 290 290 300 370 460 
60 375 375 390 450 530 
80 430 430 460 505 560 
100 460 460 515 550 580 


carrying capacity and shear type failure. In view of the 
above, the effect of welding current and nugget size upon 
the strength and type of failure is readily apparent. 

As the thickness of the silver plate increases, a certain 
critical thickness is reached, above which complete solu- 
tion of the silver in the molten aluminum nugget does 
not occur during welding. Figure 15, a photomicrograph 
at 1000 X of the weld interface, confirms the presence 
of this thin silver film which insures the absence of any 
brittle iron-aluminum compound formation. Hence, the 
resultant weld exhibits a ductile tear failure. The slight 
increase in weld strength as the current rises is undoubt- 
edly due to the decreased stress gradients and increased 
ductility caused by the greater welding current. 

Silver has been found in this investigation to be very 
satisfactory as an interface metai between iron and 
aluminum. Silver plate thicknesses greater than the 
critical thickness produce consistent, tear type failures 
with a minimum amount of fusion occurring in the alumi- 
num. This results in stronger welds and less aluminum 
pickup on the welding electrodes as less aluminum is 
heated to a temperature where recrystallization and al- 
loying with the copper electrodes can occur. 


Welding of Aluminum to Copper-Plated Steel 


The results of welding of aluminum to copper-plated 
steel, shown in Tables 9 and 10 and Figs. 16 and 17, were 
somewhat similar to that of silver. As the plate thick- 
ness increased, the type of failure became more ductile. 
Microscopic investigation proved that only the 0.05-mil 
plate was entirely absorbed during the welding. The 
thicker copper plates, however, gave a more limited range 
of ductile tear failures and generally less consistent welds 
than did the silver plates. This may be explained by the 
formation of the brittle theta phase (CuAl,). Brittle 
shear and ductile shear failures always occurred at the 
copper-aluminum interface in the thicker plates. As the 
plate thickness increases, the current necessary for weld- 
ing increases much more rapidly for copper than for sil- 
ver, although both metals have like thermal and electri- 
cal conductivities. Differences in the grain structures of 
the plated metal might account for this anomaly. 


Welding of Aluminum to Nickel-Plated Steel 


The results as shown in Tables 11 and 12 and Figs. 18 
and 19 indicate that only shear type failures are obtained 
when welding aluminum to nickel-plated steel. How- 
ever, the shear type failures become more ductile as the 
nugget penetrations increase, undoubtedly due to the 
effect of the higher currents on the softening of the alumi- 
num sheet. The heavy dashed lines in the figures indi- 
cate the approximate dividing line between ductile and 
brittle shear failures. Microscopic examination revealed 
that nickel was only slightly dissolved during welding 
even in the thinner plates. Visual examination of the 
shear failures proved that fracture took place at the 
aluminum-nickel interface. This indicated the presence 
of a somewhat brittle aluminum-nickel phase. 
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Table 15—Effect of ——e pa the Welding of Aluminum — of Cadmium Plate Thickness on Spot 


Welding Spot Shear 
Current, Strength, 
Amp. Lb. 

Aluminum Directly to Steel 

310 

340 

440 

470 


Nugget 
Penetra- 
tion, % 


Type of 
Failure 


15,200 
15,700 
16,100 
16,600 


14,900 
15,400 
16,200 
16,600 
16,900 
Cadmium Plate Thickness—0.125 Mil 
120 
340 
490 
540 


Cadmium Plate Thickness—0.25 Mil 


15,400 
15,800 
16,400 
16,700 


15,400 
16,000 
16,400 
16,700 


Cadmium Plate Thickness—0.50 Mil 
210 
420 
470 
500 


15,800 
16,200 
16,600 
17,000 


Welding of Aluminum to Chromium-Plated Steel 


Slight expulsion of aluminum from the weld interface 
was always noticed when welding aluminum to chro- 
mium-plated steel. This expulsion is due to the large 
amount of heat produced by the abnormally high con- 
tact resistance of chromium. 

The results of the welding of aluminum to chromium- 
plated steel are shown in Tables 13 and 14 and Figs. 20 
and 21. Shear type failures resulted in all cases, but as 
the plate thickness increased and as the nugget penetra- 
tion increased the failures became more ductile. Chro- 
mium was not appreciably dissolved during welding and 
failures occurred at the aluminum-chromium interface, 
indicating the formation of a somewhat brittle aluminum- 
chromium compound. 


Welding of Aluminum to Cadmium-Plated Steel 


With respect to the tensile strength and character of 
fracture, cadmium plates appear better than tin and zinc 
plates but not as satisfactory as silver and copper plates. 


hear Strength for Various Nugget Penetrations 


Nugget 
Penetra- 


Average Spot Shear Strength in Pounds 
tion, % 


for the va Plate Thicknesses in Mils 
0.000 0.125 0.250 0.500 
170 190 230 185 
290 335 345 340 
375 435 410 440 
430 510 470 495 
460 550 525 525 


The strength and fracture characteristics are given in 
Table 15, while Fig. 22 shows the current-strength rela- 
tionships. Table 16 and Fig. 23 show the effect of plate 
thickness on shear strength for various nugget penetra- 
tions. If the cadmium interface had remained in place, 
the welds should have possessed properties similar to the 
welds made with a silver interface. However, due to the 
low melting point of cadmium and the welding pressure 
used, it was found that the molten cadmium was ejected 
from the weld interface and some direct alloying of iron 
and aluminum occurred. This, of course, would result 
in the production of a more brittle weld. 


Conclusions of Part I Bonding of Aluminum to Steel 


1. A third metal is necessary-to effect a satisfactory 
bond between aluminum and steel, since no satisfactory 
method of joining these two metals has been found. 

2. Electroplating of the third metal to the steel is the 
most satisfactory method of applying the interface metal. 

3. The surface treatment of aluminum in preparation 
for welding must receive the same careful attention as is 
required for the spot welding of the structural aluminum 
alloys. 

4. Tin and zinc when used as the third metal produce 
only brittle welds. 

5. Nickel, chromium and cadmium have only a very 
limited range of moderately satisfactory welding condi- 
tions. 

6. Copper is more satisfactory than the metals men- 
tioned above but requires very high currents for welding. 
Furthermore, the consistency of strength and the range 
of plating thickness and welding current in which ductile 
welds can be produced is limited. 

7. Silver is the most satisfactory third metal to ac- 
complish the bonding of aluminum to steel. High- 
strength, ductile welds can be produced over a wide range 
of welding current and plating thickness. 


Part II—Welding of Aluminum to S.A.E. 4140 Steel 


Introduction 


The problem of spot welding aluminum to steel was 
solved by silver plating the steel. This section of the re- 
port considered the further problems incident to the 
hardening of the S.A.E. 4140 steel as a result of welding, 
and the actual seam welding of aluminum fins to S.A.E. 
4140 cylinder barrels. 


Metallurgical and Welding Considerations 


At the present time, airplane cylinders are made of 
S.A.E. 4140 steel which has been heat treated to a hard- 
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ness of about 320 Vickers (35 Rockwell C). This hardness 
corresponds to a heat treatment of oil quenching followed 
by a 1250° F. draw and thus this steel can be considered 
to be relatively soft and tough. If this steel were to be 
welded by ordinary welding processes, i.e., by fusion or 
pressure-plastic processes, the steel would be raised above 
its critical temperature (Ae;—1445° F.; Ae;—1365° F.) 
and the resulting cooling rate after welding would pro- 
duce a weld martensitic in character. While this might 
not be too detrimental in many applications where tem- 
pering treatments can be applied, it is highly undesirable 
under the service conditions existing in an airplane cylin- 
der where fatigue and impact stresses are likely to be 
very high and the drawing operations after welding likely 
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to be difficult. It is therefore obvious that a highly 
specialized method of joining must be utilized. 

It is readily apparent that if this silver-plated steel 
could be joined to the aluminum at a temperature well 
below the critical temperature, i.e., 1365° F., the danyer 
of the martensitic formation would never occur as aus- 
tenite would not be formed. As pure aluminum melts 
at 1218° F. and a 5% silicon alloy at a temperature of 
approximately 1150° F., there exists the possibility of a 
metallurgical bond being formed without actually heating 
the steel to its critical temperature. 

In the investigation of the bonding of aluminum to 
steel, the materials were of like thickness, 0.040-in. 3S 
half-hard aluminum being welded to plated 0.037-in. 
rimming steel. Because of weight considerations, the 
proposed aluminum fin thickness is 0.030-in., while the 
design thickness of the $.A.E. 4140 cylinder barrel, avail- 
able for use in this investigation from a previous inves- 
tigation for Pratt and Whitney Aircraft, was 0.090-in. 
Since the resistivity of steelis greater than that of alumi- 
num, as the ratio of steel thickness to total thickness in- 
creases, the ratio of steel resistance to total resistance in- 
creases rapidly. This will cause a major portion of the 
heat to be developed in the steel, and thus vastly increase 
the possibility of heating the steel above its critical 
temperature during welding. 


Experimental Procedure 


General Aspects 


Even though seam welding of aluminum fins to chrome- 
molybdenum cylinders was the goal, spot welding was 
selected for the study of the martensitic formation in the 
S.A.E. 4140. This decision was made in order to elimi- 
nate as many variables as possible. When the solution to 
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this problem was found, it would be a natural step to ap- 
ply it to the seam welding operation. 


Preparation cf the Steel for Electroplating 


In cleaning S.A.E. 4140 steel before plating, it was 
discovered that the surface obtained by pickling with 
the usual commercial pickles was unsatisfactory since 
well-adherent silver plates were not obtained. Two 
solutions to this problem were discovered. In one 
method, the steel was vapor degreased with trichlor- 
ethylene and then electrolytically polished and etched 


by means of the following bath: 
Perchloric acid (sp. gr. 1.61 65%)....... 185 ce. 
This bath was operated under the following conditions: 
Temiperature................. 70-80° F. 
Anode current density........ 45 amp./sq. ft. 
Time of treatment............ 5 min. 


This electrolytic polishing and etching was followed 
by water rinsing and immediate plating. In the other 
method, which gave equally satisfactory results, the sur- 
face was mechanically cleaned with emery papers down 
to grit No. 0, vapor degreased with trichlorethylene, 
wiped clean, again vapor degreased and finally plated. 

In commercial production, cleaning of the steel would 
be no problem, since well-adherent silver plates can be 
deposited on freshly machined, grease-free surfaces. 

Silver was plated on the S.A.E. 4140 steel as described 
in Part I of this report. The best results in the welding 
of aluminum to silver-plated rimming steel were ob- 
tained by using either 0.25 or 0.50 mil plate thickness. 
The 0.25-mil silver plate thickness was chosen instead of 
0.50 mil, since it was cheaper and quicker to apply. 
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Preparation of the Aluminum for Welding 


During the fundamental investigation of the bonding 
of aluminum to steel, new baths were being discovered 
for the removal of the oxide film from the surface of 
aluminum prior to welding. 

Two surface treatments developed by the Aircraft 
Spot Welding Research at Rensselaer Polytechnic In- 
stitute were used: 

Solution No. 5,8 which required 6 min. treating time at 
180° F. consisted of: 


H.SO, (sp. gr. 1.84, 
98%H2SO,) 10 cc./liter (active agent) 
Nacconal NR 2 gm./liter (wetting agent) 


Solution to 14,° which required 6 min. treating time 
at room temperature, consisted of: 


H,SiFs (27-30%)... 3.0% by volume or 1.18% by 
weight 
Nacconal NR 0.1% 


With both of these solutions, consistent low contact 
resistances of from 2 to 5 microhms were obtained. Prior 
to surface treatment, the aluminum was vapor degreased 
with trichlorethylene, wiped clean and again vapor de- 
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greased. The results of a typical contact resistance run 
with Solution No. 5 are shown in Table 17 and Fig. 24. 
For these resistance measurements 0.030-in. specimens 
of Alcoa No. 1 brazing sheet were used, which consisted 
of 3S half-hard composition clad on one surface with a 
7% thickness of a 5% silicon alloy. Since these solutions 
gave very low contact resistances over a wider range of 
treating time, they were used in preference to Oakite 
84A, used for the earlier work. 


Detailed Welding Procedure 


To avoid hardening and even remelting of the S.A.E. 

4140 steel during welding, several procedures were in- 
vestigated which are described in the following para- 
graphs. 
_ 1. Use of Longer Welding Times.—The first procedure 
investigated was the use of longer welding times, since it 
was thought that the lower temperature gradients which 
result from this method, would lessen the possibility of 
heating the steel above its critical transformation tem- 
perature. 

2. Use of Preheating and Postheating.—lf the steel 
were preheated in the range of 650 to 750° F., and main- 
tained at temperature during the welding operation and 
shortly thereafter, the portions of the steel which had be- 
come austenitic during welding could only transform to 
bainite upon cooling. According to the “S’” curve for 
S.A.E. 4140, Fig. 25, the bainite, formed by isothermal 
transformation in the temperature range from 650 to 
750° F., would have a Rockwell C hardness of from 48 
to 40 and would be tough. This compares favorably 


Table 17—Contact Resistance Measurements 


Stock 0.030-in. 3S half-hard clad with 5% silicon brazing alloy 
(aluminum fin material) 

Treatment: Solution No. 5, sulfuric acid (conc.), 10 ml./liter 

Nacconal NR, 2 gm./liter; pH, 1.05; temperature, 180° F. 
4-in. radius dome tips 

1000 Ib. pressure 


Time of Average Contact Resistance, Microhms 
Treatment, 3S Half-Hard Brazing Alloy 
Min. Surface Surface 


Over 1000 
14 


with the original hardness of the cylinder barrel, Rockwell 
C-35, and is far superior to the brittle martensitic zones 
of Rockwell C-60 hardness. The “‘S’” curve indicates 
that a holding time of from 150 to 250 sec. is necessary 
for complete transformation. 

To test this procedure, silver-plated S.A.E. 4140 steel 
specimens were preheated to 700° F. and rapidly welded 
to aluminum, after which the welds were immediately 
postheated at 700° F. for 3 min. 

3. Use of a Lower Melting Point Aluminum Alloy.— 
If a lower melting point aluminum alloy were welded to 
the silver-plated steel, obviously lower temperatures 
would be attained in the steel during the process. A 
lowering of 50 to 100° F. in the necessary bonding tem- 
perature might eliminate martensite formation in the 
steel. The fins could be fabricated entirely from an 
aluminum brazing alloy or from 3S half-hard aluminum 
clad with the brazing alloy. The latter is preferable for 
a fin material on the basis of its higher thermal conduc- 
tivity. 

To test the effect of a lower melting point aluminum 
alloy, 0.030-in. specimens of Alcoa No. 1 brazing sheet 
(3S half-hard clad on one side with a 7% cladding of a 
5% silicon alloy) were welded to silver-plated 0.090-in. 
S.A.E. 4140. 

4. Use of a Stainless Steel Insert.—In order to supply 
more heat to the aluminum and develop less heat in the 
steel, an 18 Cr-8 Ni stainless steel insert might be utilized 
as illustrated in Fig. 26. Since austenitic stainless steel 
has a higher electrical resistivity than plain carbon or 
S.A.E. 4140 alloy steel, passage of current during welding 
would heat up the stainless steel insert and supply extra 
heat for the fusion of the aluminum. The difficulty of 


Table 18—Effect of Brazing Alloy Cladding on Spot Welding 
of 0.030-In. 3S Half-hard to 0.090-In. SAE. 4140 


Electrodes: 4-in. R. dome in contact with aluminum 
1!/,-in. flat in contact with steel 

No stainless steel insert used 

Weld pressure, 800 Ib. 

Weld time, 23 cycles 


Welds Made 
with 3S Half- 
Welds Made hard Clad 
with 3S with Brazing 
Half-hard Alloy 
Minimum current for pro- 
ducing fusion in aluminum 
Maximum current for avoid- 
ance of martensite in 
S.A.E. 4140 
Properties of welds made at 
11,800 amp. 
Spot shear strength 320 Ib. 475 Ib. 
Nugget penetration 3% 10% 
Type of failure BS DS 


11,000 amp. 10,500 amp. 


11,800 amp. 11,800 amp. 
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securing proper fusion at the aluminum-silver interface 
is largely due to the rapid heat extraction from the high 
conductivity aluminum through the copper electrode. 
Not only would the low thermal conductivity stainless 
steel insert prevent this heat extraction but in addition it 
would tend to supply heat by conduction to the alumi- 
num, assisting in proper fusion of aluminum at the silver 
interface. By assisting in supplying proper heat for the 
fusion of aluminum, an insert of proper thickness might 
be expected to produce the necessary heat by a current 
of such a value that proper bonding of the aluminum 
could be obtained and martensitic formations avoided 
in the steel. 


Discussion of Results 


Avoidance of Martensitic Formations in S.A.E. 4140 
In the spot welding of 0.030-in. aluminum to silver- 


Table 19—Effect of Welding Time and Stainless Steel Insert 
Thickness on Spot Welding of 0.030-In. 3S Half-hard to 
Silver-Plated 0.090-In. S.A.E. 4140 

Stainless Steel Insert Thickness, In. 


0.006 0.011 0.023 


3-cycle Stainless steel- Stainless steel- Stainless  steel- 

weld aluminum al- aluminum al- aluminum al- 
loying loying loying 

O.K. Some stainless 

weld steel-aluminum 
alloying 


10-cycle Martensjte forms O.K., but close O.K., but close 
in 4140  be- to martensite to stainless 
fore maximum forming con- steel-aluminum 
bonding occurs ditions alloying 


23-cycle Martensiteforms .......... 


weld in 4140  be- 
fore maximum 
bonding occurs 
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plated S.A.E. 4140 steel, martensitic formations anq 
even remelting were found in the steel. A small marten. 
sitic zone is illustrated in Fig. 27 in a photomacrograph 
at 10 X. The indentations resulted from a Vickers 
hardness survey which is also shown in Fig. 27, indicating 
a maximum hardness of VPN 700 (Rockwell C60). 

The use of longer welding times did not solve the prob- 
lem of the avoidance of martensitic formations. It was 
found that even with welding times as long as 25 cycles, 
martensite was obtained almost to the same extent as 
with 5-cycle welds. Even though the use of longer weld- 
ing times resulted in shallow temperature gradients, 
large portions of the steel were still being heated above 
the critical temperature and thus hardened. Further- 
more, longer welding times are objectionable since they 
are less adaptable to seam welding. 

When welds were made with preheating and postheat- 
ing at 700° F., as indicated by the “‘S’”’ curve, the heat-af- 
fected zones of the S.A.E. 4140 consisted of a bainitic 
structure with a Rockwell C hardness of 47.5 (VPN 505). 
Although this procedure avoids the formation of marten- 
site, it is objectionable from the standpoint of easy fab- 
rication. Although silver-plated surfaces are not affected 
at these temperatures, the formation of oxides on the 
aluminum surfaces is detrimental to consistent welding. 
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The use of a lower melting point aluminum alloy low- 
ered the necessary bonding temperature and thereby 
lessened the heating of the S.A.E. 4140 steel above the 
critical temperature. As is shown in Table 18, at the 
maximum current which just avoided martensite in the 
S.A.E. 4140, the welds made by use of the brazing clad 
material are far superior to that made by use of unclad 
3S half-hard. However, this procedure cannot be con- 
sidered the solution to the problem, since the maximum 
weld properties could not be attained without forming 
martensite in the steel. 

Under proper conditions, the use of a stainless steel 
insert, to supply extra heat for the fusion of the alumi- 
num, resulted in the avoidance of martensitic formations 
in the S.A.E. 4140 steel. The correct welding conditions 
resulted when a proper balance was obtained between 
two variables; the thickness of the stainless steel insert 
and the welding time. Three thicknesses of stainless 
steel were examined; 0.006, 0.011 and 0.023 in., while 
four welding times were investigated; 3, 5, 10 and 25 
cycles. The results of these tests are shown in Table 19. 
Because short welding times rapidly develop a large 
amount of heat in the stainless steel, objectionable alloy- 
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ing action was noted at the aluminum-stainless steel in- 
terface. With long welding times, the tendency for mar- 
tensite to form in the S.A.E. 4140 became evident. The 
long welding time allowed the heat developed in the 
stainless steel] to flow through the aluminum and add to 
that developed in the S.A.E. 4140. Since the minimum 
bonding temperature of the aluminum-silver interface is 
somewhat above 1220° F., the melting point of alumi- 
num, the possibility of martensitic formation is greatly 
increased. With the 0.006-in. stainless steel insert, not 
quite enough heat was developed at the aluminum-silver 
interface for proper bonding. However, this was not the 
case with the thicker inserts, and the 0.023-in. stainless 
insert developed so much heat that aluminum-stainless 
steel alloying occurred. The best conditions, which avoid 
both martensitic formations in the steel, and alloying of 
aluminum with the stainless steel, were found with 5- 
cycle welds using an 0.011-in. stainless steel insert. 


The Seam Welding of Fins to the S.A.E. 4140 Cylinder 
Barrels 


In order to show that the results obtained from the 
investigations previously described in this report could 
be applied to an actual bonding of aluminum fins to an 
S.A.E. 4140 cylinder barrel, an experimental arrange- 
ment was prepared to make these welds to a cylinder 
barrel in a seam welding machine. The laboratory was 
fortunate in having in its possession a cylinder barrel and 
a number of fins which had been supplied by the Pratt 
and Whitney Aircraft Corp. for some previous experi- 
ments in this field. Individual fins 
made from the No. 1 brazing sheet had 
been punched out and formed to fit 
over the machined cylinder barrel, with f 
the brazing alloy surface in contact 
with the cylinder barrel. 


The results of the investigation for a eee 
the avoidance of martensitic formations 
in the §.A.E. 4140 steel were applied el 


to seam welding. For this operation, 
which was carried out on a Federal 175 
kva. seam welding machine, it was de- 
cided to weld brazing clad 3S half-hard 
fins to the barrels employing a stainless 
steel insert as shown in Fig. 28. The 
0.011-in. stainless steel insert had to 
be bent on an angle to avoid accidental 
current flow from the side of the weld- 
ing electrode to the adjacent portion of 
the fin. When this accidental short 
circuiting occurred, so much current 
was diverted that unsatisfactory welds 
were obtained. 

Proper conditions were determined 
for this seam welding operation. It 
was found that satisfactory overlap- 
ping spot welds could be made at a 
wheel speed of 80 in. per minute using 
a seam welding sequence of 5 cycles on, 
2 cycles off, the value of secondary 
current being 8600 amp. for an elec- 
trode pressure of 800lb. The electrodes 
consisted of a 6-in. diameter wheel over 
which the barrel fitted and a 9-in. 
diameter seam welding wheel with '/s 
in. width of contact. No external water 
spray was used. 

Difficulty was experienced with me- 
chanical alignment of the aluminum fin 
and the stainless steel insert. Proper 
}igging would overcome this difficulty 
for commercial adaptation. Possibly a 
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copper alloy seam welding wheel with a stainless steel 
tire might be substituted for the insert. 

In Fig. 29, photographs of a seam-welded cylinder 
barrel are exhibited. A probable criticism of the 
welded cylinder barrel is that the fins are not suffi- 
ciently close together for maximum efficiency. With 
the fins and facilities available for this investigation 
closer spacings were not feasible. In a commercial appli- 
cation of this method, closer spacing could be achieved. 
In a commercial installation it might also be preferable 
to use the fin material in the form of a continuous length 
wound spirally and welded without interruption. 


Summary and Conclusions of Part II Welding of 
Aluminum to S.A.E. 4140 Steel 


The following paragraphs summarize the accomplish- 
ments of the second part of this investigation: 

1. The avoidance of martensitic formations in the 
cylinder barrel steel was accomplished by use of a suf- 
ficiently low welding current to avoid the development of 
too much heat in the steel. This was made possible by 
supplying a part of the heat for the fusion of the alumi- 
num by means of a high-resistance insert between the 
electrode and the aluminum surface. 

2. A welding machine was adapted to permit the 
welding of aluminum fins to a cylinder barrel. This will 
make possible a study of the cooling efficiency of such a 
combination, although the available fins were not prop- 
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Fig. 29—Photographs of Seam-Welded Cylinder Barrel 


147-s 


l- 
h 
's ° ; 
LS 
S 
e 
Pas 
y 
¥ 
, 
4 
> 
SESS 


erly designed to permit as close a spacing as might be 
desired. 


Conclusions for Complete Report 


1. Silver is the most satisfactory metal for electro- 
plating steel cylinder barrels to permit the bonding of 
aluminum fins. The optimum plating thickness is 0.25 
mil. 

2. Careful attention to the silver plating technique, 
as outlined in this report, must be given since the 
strength and permanence of the bond depend to a large 
extent upon the perfection of the bond secured during the 
plating operation. 

3. The bonding of aluminum to S.A.E. 4140 steel 
may be accomplished below the critical temperature for 
this steel. Thus, objectionable rehardening during weld- 
ing is avoided. An 0.011-in. stainless steel strip between 
the electrode and the aluminum provides a proper heat 
balance. 

4. A seam welding machine could be used for auto- 
matically bonding a flanged continuous aluminum strip 
to a silver-plated steel cylinder barrel during the wind- 
ing of this strip in the form of a close spiral over the sur- 
face of the cylinder. 
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Note by the Authors 


The authors wish to call attention to the fact that the 
experimental work, described by this report, was carried 
out in 1942. When the report was written, the term 
“electrode pressure”’ referred to the total electrode force. 
Since 1942 the term “electrode force’’ has been generally 
adopted to replace the term “‘electrode pressure.’’ 


Spot Welding 


Introduction 


IS investigation was undertaken with the fol- 
lowing objectives: 


1. To determine the relative merits of the constant 
electrode-pressure cycle and the variable elec- 
trode-pressure cycle in which the weld is made 
at a low pressure and then subjected to a higher 
“forging’’ pressure. 

2. To obtain data pertaining to the time interval be- 
tween current peak and application of the forg- 
ing pressure. ; 

3. To obtain data pertaining to the ratio of the weld- 
ing to the forging pressure. 

4. Toobserve the effects of varying the rate of current 

5 

6 


rise in condenser-discharge welding. 
To study the effects of applying an a.-c. preheat in 
condenser-discharge welding. 
To study the effects of applying an a.-c. postheat 
in condenser-discharge welding. 
* Report No. 11 on Aircraft Spot Welding Research. Original report sub- 
mitted to the N.A.C.A. in February 1943. 


x t Welding Lab., Rensselaer Polytechnic Institute, Troy, N. Y. Mr. Aver- 
eee bach is now Research Assistant, 


partment of Metallurgy, M.I.T. 


An Investigation of Electrode Pressure- 
Cycles and Current Wave-Forms for 


Alclad 24S-T 


By W. F. Hess,' R. A. Wyant,! B. L. Averbach,! and F. J. Winsor! 


While definite conclusions have been reached with 
reference to the first objective and as to the general im- 
portance of the factors studied in the subsequent objec- 
tives, further quantitative information is being sought in 
order to obtain a more complete picture of the interrela- 
tion between current and pressure cycles. The data 
obtained with reference to the directional effect of the 
welding current on electrode pick-up, was an incidental 
part of the general study of current wave-form which 
appears to have important practical significance. It is 
planned to make a rather complete study of the possibili- 
ties of a.-c, postheat treatment. The present investiga- 
tion was limited in this respect by the equipment avail- 
able. This limitation has now been removed and further 
progress may be expected. Equipment limitations also 
hampered the complete study of the second and third 
objectives outlined above. This limitation is also being 
removed. 

The investigation was limited to the welding of Alclad 
24S-T, 0.020, 0.040 and 0.064 in. in thickness. Two 
types of surface treatment were studied. One consisted 
of wire brushing, and the other of a chemical treatment 
to remove the surface oxide, leaving the surface with a 
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Fig. 1—View of Aircraft Spot-Welding Laboratory at Rensselaer 
Polytechnic Institute 


bright mill finish. Dome shaped electrode tips were used 
exclusively, except in a few cases where a flat tip was used 
in combination withadome. Tip radii of 1, and 4in. 
were investigated. 

The early work of this investigation has been de- 
scribed in Progress Report No. 9 which bears the title, 
“An Investigation of Current Wave-Form for Spot 
Welding Alclad 24S-T—0.020 in. in Thickness.’’' While 
that report dealt primarily with current wave-form, as 
the title indicates, it also included some observations of a 
more general nature, which are confirmed in the present 
report. 

The first part of this investigation was devoted to a 
study of the constant electrode pressure cycle in combina- 
tion with the condenser-discharge type of current wave- 
form. Strength-current characteristics were obtained for 
a large number of combinations of electrode tip contour, 
electrode pressure, surface treatment and gage of material. 
It is shown that weld defects occur most frequently in the 
form of ‘“‘dud welds’’ at the lower values of current and 
internal cracks at the higher values of current. At 
intermediate values of current there is a good probability 
of getting consistently sound welds free from cracks. 
The probability of getting such welds increases as the 
electrode pressure is raised. Minimum and recom- 
mended values of electrode pressure were determined for 
a variety of conditions and are presented in this report. 

The second part of this investigation was devoted to a 


Fig. 2—Raytheon Flexible Weld-Power Unit and Federal Spot 
Welder 


study of the variable electrode-pressure cycle in which 
the weld is made at a low electrode pressure followed by 
the application of a higher ‘‘forging’’ pressure as the weld 
cools and solidifies. This electrode-pressure cycle was 
also investigated in combination with the condenser- 
discharge type of current wave-form. The proper 
application of the forging pressure has a pronounced 
effect in increasing the probability of getting sound, 
crack-free welds. Furthermore, this is accomplished 
without the limitations of the constant-pressure cycle 
method. Advantage is taken of the combination of low 
welding pressure to avoid excessive sheet separation 
and of high forging pressure to reduce the probability of 
cracking. If the forging pressure is to be effective, it 
must be accurately timed with respect to the welding 
current. The investigation was limited to weld/forge 
pressure ratios of 1:3 and 2:3. 

The latter part of the investigation was devoted to 
observations pertaining to current wave-form. The 
rate of rise of the condenser-discharge wave-form was 
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studied and found to affect the distribution of current 
over the contact area in 0.020-in. material, but not in the 
thicker gages. Likewise the slope of the strength-current 
characteristic was affected by the rate of current rise in 
the 0.020-in. material only. A limited number of experi- 
ments were conducted to determine the effect of adding 
either an a.-c, preheat or an a.-c. postheat to the con- 
denser-discharge wave-form. The results were not 
significant, which was probably due, in part, to limita- 
tions of the control equipment. Alterations in the 
equipment are being made and further research along 
this line is in progress. 

This report describes some very interesting observa- 
tions of the effect of the direction of current flow on elec- 
trode pick-up. There is evidence that pick-up is affected 
by both the direction of current flow and the current 
density over the contact areas. Advantage can be 
taken of the combined effect by using a dome tip against 
a flat tip and making the flat tip positive with respect to 
the other. 


Welding Equipment 


The welding equipment used in this investigation con- 
sists of a welder furnished by the Federal Machine and 
Welder Co. and a special weld-power unit built by the 
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Fig. 4—Code for Interpretation of Strength-Current Charac- 
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Raytheon Manufacturing Co. for the U. S. Army Air 
Corps Matériel Division. The welder is a standard type 
P2-30-RA, press welder designed for condenser-discharge 
welding of aluminum alloys. It is particularly well 
suited to this work due to the flexible arrangement of the 
transformer connections. The transformer primary con- 
sists of six coils of 48 turns each and two center-tapped 
coils of 55 so that the coils can be connected in any de- 


0.020-In. Alclad 24S-T, 1-In. R. Dome Tips, Welder A 


SLOWLY RISING CURRENT RAPIDLY RISING CURRENT 
— T 


sired combination. Electrode follow-up is provided for 
by means of rubber cushions in the upper electrode assem. 
bly, which is typical of Federal welders of this type. 
Normally this type of welder is operated in such a man- 
ner as to weld at a predetermined pressure point in the 
compression of the rubber cushions. This method of 
operation, however, could not be used in this investiga- 
tion due to the nature of the control circuit employed. 
This circuit inherently delayed the passage of welding 
current until the pressure had leveled off at a constant 
value. A photograph of the welder is shown in Fig. | 
(2nd from right). 

The weld-power unit was designed specifically for ex- 
perimental purposes. It consists of a rectifier, three 
banks of condensers, a current control circuit and a 
sequence circuit. The current control ‘circuit provides 
for discharge of the condensers simultaneously or in two 
or three groups through the primary winding of the weld- 
ing transformer and also for passage of alternating cur- 
rent for preheating, postheating, etc. The current con- 
trol circuit is shown schematically in Fig. 3. The six 
tubes are of the mercury pool cathode, dielectric ignition 
type (Raytheon RX-226).8 Tubes 1 and 2 control the 
flow of alternating current through the transformer pri- 
mary. Tubes 3, 4 and 5 control the discharge of the 
three condenser banks through the transformer primary. 
Following the discharge of a condenser, the inductance of 
the transformer would normally cause the primary cur- 
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rent to continue flowing until the condenser was partially 
recharged with the opposite polarity. To prevent this 
reversal of charge and to prolong the decay of current in 
the secondary circuit, tube 6 is connected so as to provide 
a shunt path across the transformer primary immedi- 
ately after the condenser becomes completely dis- 
charged. Tubes 3, 4 and 5 are generally referred to as 
the “series’’ tubes and tube 6 as the “shunt” tube. A 
photograph of the current control cabinet and welder 
head is shown in Fig. 2. 

The circuit for timing the ignition of the six current 
control tubes is not shown because it is not essential for 
the purposes of this report. For the same reason the 
rectifier, voltage control, and pressure control circuits are 
not shown. However, it should be pointed out that in 
this circuit all three condenser banks are charged to the 
same voltage, which is determined by the adjustment of 
the rectifier control circuit. 

Provision is made for operating the welder either as a 
constant-pressure or variable-pressure machine. The 
term, “‘constant-pressure,’’ is applied to that type of cycle 
in which the electrode pressure remains constant at its 
maximum value, while the weld is made and allowed to 
cool. The term, variable-pressure, is applied to that 
type of cycle in which the weld is made at a low electrode 
pressure followed by the application of a higher forging 
pressure before the weld completely cools. The welder 
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is operated by means of an air cylinder directly connected 
to the upper electrode assembly. In constant-pressure 
welding there is always sufficient air pressure beneath the 
piston to lift the electrode assembly after each weld. In 
variable-pressure welding the sudden increase in elec- 
trode pressure is obtained by momentarily exhausting 
the air from beneath the piston, thus permitting the air 
pressure above the piston to exert its full force at the 
weld. The accurate timing of the application of the 
forging pressure is accomplished by means of the same 
synchronously driven rotary switch that initiates the 
condenser discharge. In other words, the application of 
the forging pressure is accurately synchronized with the 
condenser discharge. 

While most of the data was obtained with the above 
equipment, some of the constant-pressure results were 
checked by means of a condenser-discharge welder 
furnished by the Taylor-Winfield Corp. This equipment 
consisted of a Hi-Wave welder of the HWR-34-3CCl 
type and a type C, style 106 control cabinet. A descrip- 
tion of this equipment can be found in Progress Report 
No. 5 of this series and a photograph is shown in Fig. 1 
(right). This welder does not provide a true constant- 
pressure cycle because the weld is always made at a pre- 
determined point on a rising pressure characteristic. 
This characteristic is obtained by the collapse of a rubber 
bellows in the upper electrode assembly. However, the 
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electrode pressure does not rise rapidly enough to qualify 
the welder as a variable-pressure machine. 


Procedure 


All of the specimens used in this investigation were 
either subjected to wire brushing or a chemical treat- 
ment which leaves the surface free from oxide but with a 
bright mill finish. The wire brushing was done with 
equipment and in a manner described in an earlier re- 
port. The chemical treatment was accomplished by 
means of several commercial and experimental solutions 
which have also been described in another report.‘ 

The data on weld strength was obtained from single- 


spot lap-weld specimens which were prepared and tested 
in accordance with the recommended practice. The 
oniy exceptions were the 0.064-in. specimens which were 300 a 
l in. in width instead of the recommended 1'/, in. P = 400 Les | _o 
The experimental ‘procedure consisted of obtaining dhe 
several series of strength-current characteristics showing, > 
not only how weld strength varies with peak current, but oot 9) 
also where dud welds, cracking, expulsion and sheet 
separation occur. Unless otherwise noted, the strength ea 
at any given value of current is based upon the average 
from three specimens. In obtaining each characteristic —_ 
an effort was made to select five or more values of current @ ree Lae = 
covering a range from values which produced dud welds > 200 - - 
to values which were excessive. The occurrence of dud . 
welds was determined by examination of the shear-test e c 
fractures. The occurrence of cracks was determined by + ts 
radiographing a strip of five welds (spacing = specimen x 
width) made at each value of current investigated. The ® 300 | 
same strip of welds was examined for sheet separation by S eee ee ed 
means of a “‘feeler’’ gage. The sheet separation was = - | 
considered to be excessive when it exceeded 10% of the 200 = 
thickness of one sheet.’ It should be pointed out that a” B 
sheet separation is something which cannot be precisely 00 
measured. Oscillographic measurements of the secon- 
dary current were made at every value of current in- | 
vestigated. Similar measurements were made of the suo}— WELO P+ 400 LOS 
electrode pressure to obtain a graphic record of each ee. Se ae ° 
pressure cycle studied. 
A 
Interpretation of Strength-Current Characteristics Bs 
In examining the strength-current characteristics pre- 
sented in this report, a number of things should be noted. Fig. 20 
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All of the characteristics have the same general shape. 
The most frequent weld defects occur in the form of ‘‘dud 
welds” at the lower values of current and internal cracks 
at the higher values of current. The term, ‘dud weld,” 
is applied to welds in which there is very little or no fusion 
extending across the plane of the faying surfaces. The 
occurrence of dud welds was determined by the examina- 
tion of the shear-test fractures. The occurrence of in- 
ternal cracks was determined by radiographing a strip of 
five welds made at each value of current investigated. 
The most significant differences, which are observed 
among the strength-current characteristics, are with re- 
spect to the range in current between the dud region and 
the region of cracks. Over this range in current, sound, 
crack-free welds can normally be expected. However, 
this range does not exist unless the electrode pressure ex- 
ceeds a certain minimum value. 

In this research program it has become increasingly 
evident that the occurrence of fine cracks and the avoid- 
ance of duds is subject to some variation. This means 
that the results must often be interpreted in terms of 
probability. For example, in any strength-current 
characteristic the range in current over which sound, 
crack-free welds occur, cannot be absolutely located. 
At the center of the range the probability of getting 
sound, crack-free welds is good. On the other hand, the 
probability of getting dud welds and cracked welds in- 
creases at values of current near the ends of the range. 
The occasional occurrence of these defects near the center 
of the range, appears to be due to small variations in 
welding conditions which are difficult, if not impossible, 
to observe and control. 


0.020-In. Alclad 24S-T, Chemically Treated 4-In. R. Dome 
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Results—Constant Electrode-Pressure Cycle 


The term, ‘‘constant-pressure,”’ is applied to that type 
of electrode pressure cycle in which the electrode pressure 
remains constant and at its maximum value while the 
weld is made and allowed to cool. Strength-current 
characteristics for this type of cycle are shown in Figs. 5 
through 19. For the convenience of the reader, these 
characteristics are indexed in Table 1. A code for the 


Table 1—Index of Strength-Current Characteristics for 
Constant-Pressure Cycle 


Gage, In. Electrode Tips Welder Fig. No. 
0.020 l-in R. Federal 5 
2'/2-in. R. Federal 6,7 and 9 
4-in. R. Federal Sand 9 
2'/.-in. and 4-in. R. Taylor-Winfield 10 
0.040 l-in. R. Federal 1l 
2'/s-in. R Federal 12 
4-in. R. Federal 13 and 14 
2'/e-in. and 4-in. R Taylor-Winfield 15 
0.064 l-in. R Federal 11 
2'/2-in. R Federal 16 
4-in. R. Federal 17 and 18 
2'/:-in. and 4-in.R. Taylor-Winfield 19 


interpretation of the individual points on the curves is 
shown in Fig. 4. Welder ‘‘A” refers to the Federal 
Welder and Raytheon Control Unit. Welder “‘B’’ refers 
to the Taylor-Winfield Hi-Wave Welder and Control 
Unit. 


1000 de> Min. pressure, cracks 
and duds 
1200 -..  Lowstrength 


1400 750 Recommended pressure 
0.040 Chem. 4 600 .-» Inadequate pressure 


cracks and duds 


1000 ..» Min. pressure, cracks 
and duds 
1400 ...  Lowstrength 


1600 525 Recommended pressure 

0.064 W.B. 1 1600 ... Pressure too low to 
avoid cracking, too 
high to avoid sheet 
separation 

Pressure too low to 
avoid cracking, too 
high to avoid sheet 


0.064 Chem. 1 1600 


separation 
0.064 W.B. 2'/- 1800 Min. pressure, cracks 
and duds 
2000 1000 Recommended pressure 
0.064 Chem. 2'/, 1800 ... Inadequate pressure 
cracks and duds 
2000 .-. Min. pressure, cracks 
and duds 
2200 800 Recommended pressure 
0.064 W.B. 4 800 ... Inadequate pressure, 
porosity and duds 
1400 ... Inadequate pressure, 
cracks and duds 
1800 “igs Min. pressure, cracks 
and duds 
2000 1000 Recommended pressure 
0.064 Chem. 4 1400 ... Inadequate pressure 
cracks and duds 
1800 ... Inadequate pressure 
cracks and duds 
2000 ...  Imadequate pressure, 
cracks and duds 
2200 ... Min. pressure, cracks 
and duds 


0.064 Chem. 4 2400 600 Recommended pressure 


Table 2—Data on Investigation of Constant Electrode- 
Pressure Cycle 


Weld 
Strength* Remarks 

230 Recommended pressure 

180 Recommended pressure 
Min. pressure, cracks 

and duds 
... Low strength 
300 Recommended pressure 


0.020 Chem. 2'/; Min. pressure, low 


strength 
... Low strength 
200 Recommended pressure 
... Excessive distortion and 
sheet separation 
0.020 W.B. 4 Min. pressure, cracks 
and duds 


300 Recommended pressure 
... Inadequate pressure, 
cracks and duds 
Min. pressure, 
and duds 
...  Lowstrength 
225 Recommended pressure 
... Excessive distortion and 
sheet separation 
Pressure too low to 
avoid cracking, too 
high to avoid sheet 
separation 
Pressure too low to 
avoid cracking, too 
high to avoid sheet 
separation 
Min. pressure, cracks 
and duds 
0.040 W.B. 2'/. 1200 605 Recommended pressure 


0.020 Chem. 4 


g 88 § 388 E88 8883 


0.040 W.B. 1 


0.040 Chem. 1 


* Maximum strength of welds for which there is a high proba- 
bility of freedom from fine internal cracks. 


Characteristics are shown in Figs. 5-10 for welds in 
0.020-in. Alclad 24S-T material. Figure 6 (C) is an ex- 
ample of conditions at which it is impossible to produce 
sound, crack-free welds without the frequent appearance 
of dud welds. Figure 7 (C) shows that, by increasing the 
electrode pressure, the above condition can be avoided, 
and sound, crack-free welds can be produced. For any 
given conditions of electrode tip shape, surface treatment 
and current wave-form, there is a minimum electrode 
pressure which must be exceeded if crack-free welds are 
to be obtained. In welding with the constant electrode- 
pressure cycle the width of the current range, over which 
sound welds occur, depends upon the extent to which the 
electrode pressure exceeds the minimum value. In other 
words, the probability of getting sound, crack-free welds 
increases as the electrode pressure is increased beyond its 
minimum value. 

This method of increasing the probability of getting 
sound welds has certain limitations. Amn increase in 
electrode pressure is always accompanied by an increase 
in required current and by an increase in sheet separation 
around the welds. Figures 6 (D) and 7 (D) are a good 
example of how sheet separation can become the limiting 
factor. Sometimes in the heavier gages, increased cur- 
rent requirements become the limiting factor due to the 
limited current capacity of the equipment. For any 
given conditions the optimum electrode pressure is that 
for which cracking and sheet separation simultaneously 
begin to appear, as the current is increased to avoid the 
occurrence of dud welds. If cracks appear at a lower 


0.040 Chem. 2'/, 1200 7. semen cracks value of current than sheet separation, the pressure is 

inadequate. If sheet separation appears at a lower value 

of current than cracks, excessive electrode pressure is 
cracks and duds indicated. 
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Figure 7 is a very good example of how sheet separation 


is aftected by surface treatment. At an electrode pres- 
sure of 700 Ib. there is not much evidence of this defect 
in wire brushed material. However, at the same pres- 
sure, sheet separation cannot be avoided in material 
which has been chemically surface-treated in such a way 
that the surface has a bright mill finish. It remains to 
be seen how sheet separation will be affected by a chemi- 
cal surface treatment which produces a dull mat finish. 
Less evidence of this effect of surface treatment will be 
seen in the characteristics for the 0.040-in. and 0.064-in. 
gages with the exception of those shown in Fig. 11 for 1- 
in. radius tips. This may have been due to the fact that 
in the latter gages, the electrode pressure was seldom high 
enough to eliminate the cracking over a very wide cur- 
rent range. 

Characteristics are shown in Figs. 11-15 for welds in 
0.040-in. Alclad 24S-T material. The curve in Fig. 12 
(A) is a good example of results obtained at a value of 
electrode pressure which meets the requirements for the 
optimum pressure, as described above. This is evident 
by the fact that both fine cracks and sheet separation be- 
gin to appear at the same value of current. The three 
curves in Fig. 12 (D) were obtained under identical 
welding conditions on three different occasions. They 
are a good example of the erratic qualities of welds pro- 
duced at the lower values of current. Three similar 
curves are shown in Fig. 14-(D), which is a good example 
of the erratic occurrence of cracks at the higher values of 
current. In one characteristic fine cracks appeared at 
42 kilo-amperes, while in the second and third charac- 
teristics fine cracks appeared at 45 and 48 kilo-amperes, 
respectively. 

Characteristics are shown in Figs. 16-19 for welds in 
0.064-in, Alclad 24S-T material. These characteristics 
show to what extent the electrode pressure must be in- 
creased in order to avoid cracks in this gage of material. 
The best results for this gage of material were obtained in 
chemically treated stock using an electrode pressure of 
2200 Ib. and 2'/2-in. radius tips, as shown in Fig. 16 (D). 
The effect of increasing the radius of tip curvature from 
2'/2 to 4 in. can be observed by comparing Figs. 16 (D) 
and 18 (D). It will be noted that, while an electrode 
pressure of 2200 Ib. was the optimum for the 2'/,-in. 
radius tips, it was inadequate for the 4-in. radius tips. 
In general, fine cracks predominate in the 0.064-in. 
material and sheet separation is absent. These facts 
indicate that electrode pressures of the order of 2500 Ib. 
are needed for welding this gage with a constant elec- 
trode-pressure cycle. 

Enough strength-current characteristics were obtained 
on the Raytheon-Federal equipment to establish favor- 
able welding conditions for each gage. As a check, 
characteristics for these conditions were obtained using 
the Taylor-Winfield equipment. The results are shown 
in Figs. 10, 15 and 19 for the 0.020-, 0.040- and 0.064-in. 
gages, respectively. In general, the results compare 
reasonably well. There is a tendency, however, for 
excessive sheet separation to appear more frequently in 
the Taylor-Winfield characteristics. This may have 
been due to the fact that in this machine the electrode 
pressure was rising slowly and continuously during the 
making of each weld. As explained earlier, this was not a 
true constant-pressure machine. Furthermore, it was 
also explained that normally a similar electrode-pressure 
cycle would be obtained with the Federal welder. 

Data and comments on all the above characteristics 
are shown in Table 2. At electrode pressures which are 
listed as inadequate, sound welds cannot be expected. 
At the minimum electrode pressures the probability of 
getting consistently sound welds is very low. At the 
recommended electrode pressures the probability of con- 


sistently getting sound welds is better, but not as good as 
when the variable electrode-pressure cycle is employed. 
For convenience the minimum and recommended elec- 
trode pressures for the constant electrode-pressure cycle 
are summarized in Table 3. It will be noted that the rec- 
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Table 3—Summary of Minimum and Recommended Pres- 


sures for the Constant Electrode-Pressure Cycle 


Alclad Recom- 
24S-T Surface Tip Minimum mended Weld 
Gage, Treat- Radius, Pressure, Pressure, Strength*, 
In. ment In. Lb. Lb. b. 
0.020 W. B. 1 rr 400 230 
0.020 Chem. 1 “ 400 180 
0.020 Ww. B. 2'/s 400 700 300 
0.020 Chem 21/3 400 600 200 
0.020 W. B. 4 600 800 300 
0.020 Chem. 4 500 700 225 
0.040 W.B 21/2 1000 1200 605 
0.040 Chem 2'/ 1200 1400 450 
0.040 W. B. 4 1000 1400 750 
0.040 Chem. 4 1000 1600 §25 
0.064 W.B 21/2 1800 2000 1000 
0.064 Chem 2!/. 2000 2200 800 
0.064 W. B. 4 1800 2200 1000 
0.064 Chem. 4 2200 2400 600 


* Maximum strength of welds for which there is a high proba- 


bility of freedom from fine internal cracks. 


ommended electrode pressure is in most cases 200 lb. 
above the minimum, and that in general chemically 
treated stock requires a higher pressure than wire 
brushed stock. The recommended pressure increases 
rapidly as the thickness of the material increases, Fur- 
thermore, the recommended pressures are higher than 
those which have ordinarily been used in practice for 
their respective gages. In several instances the strength- 
current characteristics indicate that still higher pressures 
may prove to be more desirable than those recommended. 

The values of weld strength which are listed in Tables 2 
and 3 at the recommended electrode pressures, represent 
the maximum strengths of welds for which there is a high 
probability of freedom from fine internal cracks. It will 
be noted that the strengths listed for wire brushed stock 
are considerably higher than those listed for chemically 
treated material. This is due to the fact that in both 
cases the cracks tend to appear at approximately the 
same weld diameter. However, as has been shown by 
Mikhalapov and Falls,*® welds of a given diameter have a 
greater strength in wire brushed than in chemically 
treated material. This difference is due to the bonding 
of the cladding in a ring immediately outside the weld 
proper. In chemically treated stock it was only at low 
electrode pressures that the cladding gave some appear- 
ance of having been bonded in this ring. Yet the bond- 
ing was insufficient to contribute to the strength of the 
weld. These observations have been based on a chemical 
surface treatment which leaves the surface with a bright 
mill finish. There is a question as to how weld strength 
is affected in this respect by a chemical surface treatment 
which leaves the surface with a dull mat finish. 

This investigation shows that while dome shaped elec- 
trode tips, 1 in. in radius, are satisfactory for welding the 
0.020-in. material, they are entirely unsatisfactory for 
0.040- and 0.064-in. material. At the low pressures re- 
quired to avoid excessive sheet separation in the latter 
two gages, cracks cannot be avoided. Comparison of the 
characteristics obtained with 2'/,- and 4-in. radius tips 
indicates that only a small increase in strength can be 
expected when the tip radius is increased from 2'/»- to 4- 
in. While sheet separation seems to be inherently some- 
what erratic and unpredictable, it can frequently be re- 
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duced by going from a 2'/,-in. to a 4-in. radius tip. All 
of this experience indicates that in the interests of sim- 
plification and standardization, a dome shaped tip having 
a radius of about 3 in. could be advantageously adopted 
for at least all gages from 0.020 to 0.064 in. inclusive. 

A number of strength-current characteristics were 
obtained using a dome tip in combination with a flat tip. 
While no curves are shown, the results indicate that, for 
welding sheets of about the same thickness, a dome-to- 
flat combination of tips is approximately equivalent to a 
pair of dome tips having a greater radius than the former 
dome tip. For example, a 2'/:-in. radius dome tip in 
combination with a 5/, in. diameter x 10° flat tip re- 
quires about the same electrode pressure and produces 
about the same strength-current characteristic as a pair 
of 4-in. radius dome tips. 


Results—Variable Electrode-Pressure Cycle 


The term, ‘“‘variable-pressure,” is applied to that type 
of electrode pressure cycle in which the weld is made at a 
low electrode pressure followed by the application of a 
higher ‘‘forging’’ pressure before the weld completely 
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Fig. 23 


cools. The effect of the forging pressure is best found by 
comparing strength-current characteristics for the con- 
stant and variable-pressure cycles. Such character- 
istics are shown in Fig. 20 for 0.020-in. material. Ata 
constant electrode pressure of 400 lb. it was impossible to 
obtain sound welds, There was an abrupt transition at 
about 25 ka. from duds to cracked welds. At 600 lb. 
sound, crack-free welds were made over a range from 
about 30 to 33 ka. While at 800 Ib. crack-free welds 
were produced from about 32 ka. up, the sheet separation 
became excessive at about 35.5 ka. This is typical of 
the effect of increasing the magnitude of the electrode 
pressure in constant-pressure welding. With the vari- 
able-pressure cycle sound, crack-free welds were produced 
over a range from about 26 to 33 ka. In this cycle the 
weld was made at 400 Ib. and forged at 1170 lb. Figure 
20 (D) shows an excellent picture of the possible advan- 
tages of a forging pressure even on thin gage material. 
In this case the magnitudes of the welding and forging 
pressures and the timing of the latter with respect to the 
peak current, as well as the current wave form were such 
as to produce the widest possible range of crack-free, 
distortionless welds. The current rose at an average 
rate of 9200 amp. per millisecond and the forging pres- 


Table 4—Data on Current Wave-Forms and Electrode Pressure Cycles 


Electrode Pressure 

- Secondary Current Pressure— 

Peak Time in Average Welding Max. Time from Peak Current 

Value Milliseconds Rate of Rise, Pressure, Value, in Milliseconds 

Amp. to Peak Amp./Ms. Lb. Lb. To Start To Max. 

29,700 3.6 8250 400 1170 19.5 30.1 

28,250 19.1 1480 600 1800 6.9 ¢ 

32,500 8.2 3960 600 1800 9.8 

29,400 16.0 1840 600 1800 0 

36,100 6.7 5390 600 1800 16.6 

29,500 17.0 1735 600 1800 0 

36,400 20.0 1820 1200 1970 6.7 

37,750 18.3 2065 800 2400 6.7 

49,300 6.5 5950 800 2400 14.7 

35,300 17.6 2000 800 2400 8.0 

47,300 20.0 2370 1600 2400 5.0 
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sure began to rise in 19.5 milliseconds, and reached its 
fuil value in 30 milliseconds after the peak of the welding 
current. At the start of the rise of forging pressure the 
current had decreased to 18.8% of its peak value. When 
full forging pressure was reached, the current had 
dropped to 7.5% of its peak value. 

Strength-current characteristics for 0.040-in. material 
welded with 2'/:-in. radius electrode tips are shown in 
Fig. 21. These are to be compared with the character- 
istic shown in Fig. 12 (C) for a constant pressure of 1200 
Ib. In comparing these characteristics it should be noted 
that the current scales are different in the two figures. 
The constant pressure characteristic shows that sound, 
crack-free welds can be obtained in the vicinity of 32 ka. 
and their strength is in the neighborhood of 300 lb. This 
strength is too low for material of this thickness. Figure 
21 shows that crack-free welds of considerably higher 
strength can be made using the variable-pressure cycle. 
These characteristics were obtained with a welding pres- 
sure of 600 Ib. and a forging pressure of 1800 lb. Data 
on the condenser-discharge wave forms and the timing of 
the forging pressure is shown in Table 4. It is interesting 
to note that sheet separation was much more serious in 
the case of the slowly rising wave-form. In the case of 
the rapidly rising wave-form metal was expelled from the 
weld at the two highest values of current which were in- 
vestigated. This is not to be confused with ‘‘flashing” 
from the faying surfaces. Otherwise the two character- 
istics were almost identical. The highest strength which 
may be expected from a sound weld under these condi- 
tions is about 500 lb. Characteristic B in Fig. 21 is a 
good example of an optimum combination of wave-form 
and pressure cycle which gives the widest possible range 
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of current between the region of dud welds and the region 
in which cracks, sheet separation and expulsion are 
likely to occur. There is one principle which should 
always be observed in itivestigating strength-current 
characteristics. When a poor characteristic is obtained, 
there is seldom any need of investigating those particular 
conditions further. When a good characteristic is ob- 
tained, it should always be checked several times to make 
sure that it is not by just an accident that it appears 
favorable. For this reason the characteristics of Fig. 21 
were checked and the results are shown in Fig. 22. 
These characteristics agree very well with the originals. 

Strength-current characteristics for 0.040-in. material 
welded with 4-in. radius electrode tips are shown in Fig. 
23. Both characteristics were obtained with a slowly 
rising wave-form which is described in Table 4. Charac- 
teristic A was obtained with a weld/forge pressure ratio 
of 600/1800 or 1:3, while characteristic B was obtained 
with a ratio of 1200/1970 or approximately 2:3. Both 
characteristics indicate that the highest strength, which 
can be expected from sound welds under these conditions, 
is about 400 Ib. Characteristic A indicates that the 
forging pressure was too low. This is evident by the 
occurrence of cracks at lower values of current than ex- 
cessive sheet separation. The same condition is indi- 
cated by characteristic B. However, in the latter char- 
acteristic the appearance of excessive sheet separation 
suggests that the welding pressure was too high. It ap- 
pears that a weld/forge pressure ratio of about 600/2200 
would have been more satisfactory for these conditions. 
Corresponding characteristics for the constant-pressure 
cycle are shown in Fig. 14. 

Strength-current characteristics for 0.064-in. material 
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welded with 2'/;-in. radius tips are shown in Fig. 24 for 
two current wave-forms. In welding this thickness 
with the same shape of electrodes and surface treatment, 
using a constant pressure system, an ideal characteristic 
was obtained at 2200-Ib. pressure, shown in Fig. 16 (D). 
Neither of the variable pressure curves of Fig. 24 are as 
satisfactory as the constant pressure curve. The current 
wave form, timing of forging pressure and actual magni- 
tude of the forging pressure are not at optimum values 
either individually or in combination. Curve A shows 
evidence of less than the proper rate of current rise, forg- 
ing pressure applied too soon, and inadequate forging 
pressure. It should be noted that 2400 Ib. is the maxi- 
mum forging pressure that can be obtained with the 
welder used in this investigation. Curve B shows all of 
the evidence of too rapid current rise. This is indicated 
by the very steep rise in strength from the dud region to 
the range of sound welds and the rapid transition to ex- 
cessive currents giving rise to expulsion, cracking and 
distortion. The average rate of current rise, in the case 
of curve A was 1850 amp. per millisecond, and for curve B 
was 5950 amp. per millisecond. It appears from ex- 
amination of the final data for the work on this and other 
gages that excellent conditions should be found with a 
current wave form having an average rate of rise of ap- 
proximately 4000 amp. per millisecond and a forging pres- 
sure of at least 3000 lb. timed to start not sooner than 20 
milliseconds and be fully applied in about 40 milliseconds 
after the peak of the welding current. 

Strength-current characteristics for 0.064-in. material 
welded with 4-in. radius tips are shown in Fig. 25 for two 
different weld/forge pressure ratios of 1:3 and 2:3. 
These characteristics are comparable with that shown in 
Fig. 18 (D) for a constant pressure of 2200 Ib. None of 
these characteristics is satisfactory due to the occurrence 
of cracks. This bears out the above observation that in 
material of this thickness, a forging pressure greater than 
2400 Ib. is needed with either 2'/; or 4-in. radius electrode 
tips. With 4-in. radius tips, 2200 lb. is inadequate for 
constant pressure welding and the 2400 Ib. forging pres- 
sure is entirely inadequate even though it was timed to be 
applied at what is probably too early a time after the 
peak of the welding current for best results. 

Timing of Forging Pressure-—Several experiments 
were conducted to determine the effect of varying the 
time of application of the forging pressure with respect to 
the current peak. The procedure consisted of making a 
row of five welds in a pair of specimens at each interval 
of time which was investigated. All other welding condi- 
tions were kept constant. Oscillographic records of cur- 
rent and pressure were taken to determine their relation- 
ship with respect to time. All the welds were radio- 
graphed to determine when cracks occurred. While the 
results are not complete, several facts are indicated. 
The electrode pressure must not start to increase until 
after the current reaches its peak value. Otherwise, the 
size of the weld will be erratic owing to the change of con- 
tact resistance with pressure. If the forging pressure is 
to be effective in preventing cracks, it must reach its 
maximum value within a definite period of time after the 
current reaches its peak value. If the weld cools too far 
before the forging pressure is applied, the cracks may 
already have formed, or the strength regained may be too 
great for the available pressure. The experiments indi- 
cate shorter times are necessary for thinner material. 
The forging pressure must be applied within approxi- 
mately 25 milliseconds for 0.020-in. material, and 50 
milliseconds for 0.064-in. material. If the forging pres- 
sure is applied too soon after the peak of the welding 
current, sheet separation and distortion will be objec- 
tionable, as shown in Figs. 21 (A) and 22 (A). 

In order to be most effective the timing of the forging 


pressure must be adjustable to fairly narrow limits of 
about 10 milliseconds with respect to the peak current, 
and must be consistent within the same limits. This is q 
difficult mechanical problem, but the beneficial results 
are such as to justify great effort to meet these require- 
ments. 

An investigation of this nature becomes complicated 
because the occurrence of cracks is frequently very er- 
ratic. This may be due to the fact that there are so 
many variables involved. For example, whether or not 
a weld will crack, depends not only upon the current 
density, weld size, and electrode pressure cycle, but also 
upon the shape and surface condition of the electrode 
tips. The electrode surface condition changes gradually 
as more welds are made. This is difficult to control and 
is the probable cause of some inconsistencies encountered 
in this phase of the investigation. For example, fine 
internal cracks were occasionally eliminated by lightly 
cleaning the tips, which appeared to the eye to be per- 
fectly clean. Measurements of instantaneous power de- 
veloped at electrode contact surfaces have shown that 
slight changes have a significant effect on weld size, and 
therefore on the tendency toward cracking. 

Ratio of Welding Pressure to Forging Pressure.—In this 
investigation weld/forge pressure ratios of 1:3 and 2:3 
were used. It is not possible to draw conclusions as to 
the relative merits of these ratios because the results 
have been limited and rendered somewhat uncertain by 
the masking effect of other variables. It is believed, 
however, that the timing of the forging pressure is of 
much greater importance than the weld/forge pressure 
ratio, provided that it is not greater than the ratios here 
used. 

The masking effect of current wave-form is illustrated 
in Fig. 21. In the A curve the current was rising at an 
average rate of approximately 1800 amp. per millisecond 
and the forging pressure started to rise in 7 milliseconds 
and was fully applied in 24 milliseconds after the peak 
of the welding current. In the B curve the current rose 
at an average rate of 3850 amp. per millisecond and 
the forging pressure began to rise in 9.8 milliseconds and 
was fully applied in 26 milliseconds. In the former case, 
the current had decreased only to 95% of its peak by the 
time the forging pressure started to rise, and to 40% by 
the time the forging pressure was fully applied. In the 
second case, the current had decreased to 44% of its 
peak when the forging pressure started to rise, and to 
13.7% when the full forging pressure was reached. The 
result was severe sheet distortion in the first case and a 
wide range of excellent welds in the second. 

Figure 22 illustrates the extreme effects of very bad 
and very good timing of the forging pressure, combined 
with unfavorable and favorable current wave forms. 
For the A curve, the current rose at an average rate of 
2150 amp. per millisecond, the forging pressure started 
to rise immediately at the current peak and was fully ap- 
plied in 18 milliseconds. At this time the current had 
dropped to 56% of its peak value. In the case of the 1 
curve, current rose at an average rate of 5000 amp. per 
millisecond, while the forging pressure did not commence 
to rise until 16.6 milliseconds and reached its full value 
in 31.6 milliseconds. In this case the current had de- 
creased to 29% of its peak when the forging pressure 
started to rise, and to 9% when full forging pressure was 
reached. Too early application of forging pressure has 
caused sheet distortion and has not prevented cracking 
in curve A. Curve 22 (B) is an ideal strength-current 
characteristic for the spot welding of 0.040-in. Alclad 
248S-T. 

It is recognized that in the above discussion the tem- 
perature to which the weld had cooled would have been 
more fundamental information, but measurements of 
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this kind are not yet available. In materials such as 
those with which we are here concerned, the trailing end 
of the condenser discharge current is probably a qualita- 
tive indication of the relative cooling of different welds. 


Results—Current Wave-Form 


There are two distinctly different phases of this in- 
vestigation with respect to current wave-form. One 
deals with the effects of varying the rate of rise of a con- 
denser-discharge wave-form. The other deals with the 
effects of either an a.-c. preheat or postheat in combina- 
tion with a condenser-discharge. Progress Report No. 9 
described some observations of the former effects in spot 
welding Alclad 24S-T, 0.020 in. in thickness.' In the 
(0.020-in. material it was found that the steepness of the 
condenser-discharge affects the distribution of current 
over the contact area between chemically treated speci- 
mens. A slowly rising current concentrates at a single 
spot which grows in size as the current increases. A 
rapidly rising current is conducted across the sheet-to- 
sheet contact at a great many small spots which may be 
well distributed over the entire contact area or concen- 
trated in a ring pattern near the periphery of the con- 
tact area. If the initial surface breakdown occurs 
largely at the periphery, it is probable that the weld will 
be toroidal in shape. 

In the 0.040- and 0.064-in. material practically no evi- 
dence of these effects was observed. This was probably 
due to the fact that we were never able to use as steep a 
wave-front on these gages because of severe surface flash- 
ing from the sheet-to-sheet contact area. This is not to 
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be confused with the expulsion of a large volume of 


molten metal from the weld. In the thicker gages sur- 
face flashing may be a phenomenon associated with cur- 
rent density, or pressure density over the contact area, 
or both. It should be pointed out that, at high values of 
peak current, expulsion will occur instead of surface 
flashing as shown in Figs. 21 (B) and 24 (B). Surface 
flashing is a mild form of expulsion. 

In the 0.020-in. material it was also found that, with a 
rapidly rising wave-form, weld strength is less affected 
by changes in peak current. This effect is more pro- 
nounced for chemically treated than for wire-brushed 
material as shown in Fig. 8 of this report. An examina- 
tion of Figs. 21 and 22 indicates less evidence of this ef- 
fect in the 0.040- and 0.064-in. gages of material. Data 
on the wave-forms used for welding the thicker gages 
are shown in Table 4. It will be noted that the highest 
average rate of current rise was 5950 amp. per milli- 
second, as compared with approximately 9200 amp. per 
millisecond for the 0.020-in. material. Most of the ef- 
fects discussed in Report No. 9 were observed at an aver- 
age rate of current rise of 10,000 amp. per millisecond. 

In the 0.020-in. material wave-form seemed to have 
little effect on sheet separation. Figures 21 and 22 show 
that in 0.040-in. material excessive sheet separation was 
associated more closely with the slowly rising than with 
the rapidly rising wave-front. It is believed, that this 
was due more to the plastic condition of the metal when 
the forging pressure was applied, than to the wave-form 
directly. However, wave-form in combination with a 
variable pressure cycle may affect sheet separation and 
distortion. 


0.064-In. Alclad 24S-T, Chemically Treated 2'/:-In. R. Dome 
and §/i, In. 10° Flat Tips, 800/2400 Lb. 
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It has been claimed that a rapidly rising wave-form 
of short duration would improve the consistency of weld 
strength. Within the limits of the wave-forms investi- 
gated, this does not appear to be true. It appears that 
other factors are of greater importance in determining 
consistency, such as the magnitude of the peak current 
and the uniformity of surface conditions. This matter is 
being discussed in detail in another report of this series. 

A brief attempt was made to determine some effects 
of passing an a.-c. preheating current in advance of a con- 
denser-discharge. A sketch of the particular wave-form 
which was investigated is shown in Fig. 26 (B). The 
a.c. was passed for 16'/2 cycles, which is the maximum 
limit for the weld-power control circuit in its present 
form. The magnitude of the a.c. was approximately 
11,000 r.m.s. amp. which is also the maximum for the 
above circuit. This amount of preheating was enough 
to make the specimens feel hot to the hand and just 
barely stick together without passage of the condenser- 
discharge current. The peak magnitude of the conden- 
ser-discharge was sufficient to produce a weld of sub- 
stantial size without the preheat. A variable-pressure 
cycle was also used in these experiments as shown in 
Fig. 26 (B) The effect of the preheating on a strength- 
current characteristic for 0.064-in. material is shown in 
Fig. 27 (A) and (B). Before any attempt was made to 
postheat welds in the machine, a few specimen welds 
were subjected to a solution heat treatment in a furnace. 
These welds had been made with the ordinary condenser- 
discharge wave-form. It was found that the heat treat- 
ment improved the shear strength from 20 to 40%, de- 
pending upon the size of the weld. Next, some welds 
were made by a condenser-discharge wave-form followed 
by an a.-c. postheat as shown by the sketch in Fig. 26 
(C). The magnitude of the a. c. was the same as in the 
experiment with preheating and it was allowed to flow 
for as long as the control circuit would permit. The 
first results are shown in Fig. 27. Curve C exhibits a 
substantial improvement over curve A obtained with a 
simple condenser-discharge wave-form. Difficulty was 
experienced, however, when an attempt was made to re- 
peat these curves. This work represents only the first 
effort of the investigators along this line and no conclu- 
sions can be drawn at this time. It appears that the 
capacity of the control equipment will be more adequate 
for experiments with the 0.020- and 0.040-in. gages of 
material. It is doubtful if the present control circuit is 
adequate to make preheating and postheating effective 
in the 0.064-in. material. Alterations in the equipment 
are being made and further research along this line is 
planned. 


Effect of Direction of ve Flow on Electrode Tip 
ife 


In the Raytheon-Federal welding equipment, which 
was provided for this investigation, the current always 
flows in the same direction in the secondary circuit. 
For a long time the transformer connections were such 
as to make the upper electrode positive with respect to 
the lower. Under these conditions the upper electrode 
invariably started to pick up aluminum before the lower 
electrode showed any signs of such deterioration. This 
selective deterioration of the upper electrode was at- 
tributed to mechanical “‘scuffing’’ action between the 
electrode tip and the aluminum surface. However, when 
the transformer connections were reversed, so as to make 
the lower electrode positive with respect to the upper, 
the lower electrode immediately started to deteriorate 
before the upper electrode showed signs of aluminum 
pick-up. This experience confirms that reported by 
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DIRECTION OF CURRENT FLOW 


Fig. 28—Preferred Orientation of Electrode Tips with Respect 
to Direction of Current Flow 


F. R. Hensel, E. I. Larsen and E. F. Holt in a recent 
paper.’ In their experience the selective deterioration 
was determined by the direction of current flow during 
the first half-cycle in welding with alternating current. 
This also confirms an opinion which was once expressed 
to the present investigators by G. S. Bernard, Jr., of the 
Aluminum Company of America. 

For a long time it has been observed that, when a dome 
tip is used in combination with a flat tip, the dome tip 
ordinarily deteriorates first. This is in agreement with 
the general experience at this laboratory, which indicates 
that the rate of tip deterioration depends on the current 
density over the contact area. Advantage can be taken 
of the combined effects to increase the number of welds 
between tip cleanings. This is accomplished by using a 
dome tip against a flat, the latter tip being positive, as 
shown in Fig. 28. In this way the less favorable polarity 
is applied to the tip at which the current density is more 
favorable. In other words, the two effects are balanced 
against each other. 

A brief experiment was performed to check this con- 
clusion. Strips of 0.040-in. Alclad 24S-T were chemically 
surface-treated and welded with a weld/forge pressure 
ratio of 800/2400 lb. In each case both the upper and 
lower tips were newly machined at the start. The welds 
were made at a uniform rate of about 10 per minute until 
there was evidence that one of the tips had failed. The 
current setting was such as to produce welds of approxi- 
mately the same size ineach run. The results are shown 
in Table 5. In the first test a dome tip was used against 


Table 5—Effect of Direction of Current Flow on Electrode 
Tip Life 


Number of Welds 


Electrode Tips Positive Failing Before Tips Needed 


Upper Lower Tip Tip Cleaning 

2'/ein. 10° Lower Upper 325 
R. Dome lat 

2'/ein. in. R. Lower Lower 50 
R. Dome Dome 

2'/ein. 4/yin.x 10° Upper Upper 125 
R. Dome Flat 

2'/,in. in. R. Upper Upper 75 
R. Dome Dome 
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a flat which was made positive in accordance with the 
above theory. Under these conditions about 325 welds 
were made before the tips had to be cleaned, and it was 
significant that the dome tip was the one which became 
dirty. In the second test the flat tip was replaced by a 
dome tip, the polarity being left unchanged. By doing 
this the current density was increased at the tip to which 
the unfavorable polarity was applied. The positive tip 
failed after only 50 welds were made. In the third test a 
dome tip was used against a flat, the dome tip being 
made positive. Only 125 welds were made before the 
dome tip became dirty. In the fourth test the flat tip 
was replaced by a dome tip, the polarity being left un- 
changed. Again the positive tip failed after only 75 
welds were made. The two latter tests were both made 
under unfavorable conditions of current density at the 
positive tip. It should be noted that in the second and 
fourth tests with dome tips, the polarity determined 
whether the upper or lower tip was to fail. While too 
much importance cannot be attdched to so limited an 
experiment, the results indicate that the above line of rea- 
soning may be correct. At least the phenomena is im- 
portant enough to justify further research. It appears 
to be one of the most promising leads that has developed 
in experiments dealing with electrode tip life. 

A considerable number of welders, in which the second- 
ary current always flows in the same direction, are in 
operation. The users of these machines are in an ex- 
cellent position to observe this phenomena. It would be 
helpful to this laboratory to be informed of the exper- 
ience of users of unidirectional current equipment with 
respect to the effect of polarity when welding with the 
dome-to-flat combination. It would also be of interest 
to determine whether there is an equally pronounced 
effect produced by the preheating current in the case of 
electromagnetic stored energy machines. 


Conclusions : 


As a result of the above observations pertaining to 
electrode pressure cycles and current wave-form, the 
following conclusions may be drawn: 

1. In the constant-pressure cycle the electrode pres- 
sure must always exceed a definite minimum value, if 
consistently sound welds, free from cracks, are to be 
produced. The range in current, over which such welds 
can be expected, depends upon the extent to which the 
minimum pressure is exceeded. The upper limit in 
electrode pressure is determined by sheet separation and 
distortion. The magnitude of the minimum pressure 
depends on the gage and surface treatment of the material, 
and the contour of the electrode tips. 

2. Under carefully controlled welding conditions, the 
occasional occurrence of fine cracks appears to be due to 
circumstances which are difficult to observe and control. 

3. The occurrence of dud welds is ordinarily an indi- 
cation that the welding current is too low. 

4. Sheet separation is more pronounced in material, 
which has been chemically surface-treated (bright mill 
finish), than in wire brushed stock. Its magnitude also 
depends on the contour of the electrode tips, the sheet 
thickness, and the magnitude of the electrode pressure 
and welding current. 

5. In a constant-pressure welding system, a high 
pressure is needed to avoid cracks, while a low pressure 
is required to avoid sheet separation. The optimum 
pressure is that for which cracking and sheet separation 
simultaneously begin to appear, as the current is in- 
creased to avoid the occurrence of dud welds. 

6. A variable-pressure cycle in which the weld is made 
at a low pressure followed by the application of a higher 


1946 


PRESSURE AND CURRENT IN WELDING ALUMINUM TO STEEL 


pressure, has the following advantages over a constant 
pressure cycle: 

(a) Advantage may be taken of the opportunity to 
use a low welding pressure to avoid excessive sheet 
separation, and a high forging pressure to reduce 
the probability of cracking. 

(6) The above advantage results in a wider current 
range over which there is a high probability of ob- 
taining sound, crack-free welds. 

(c) A lower value of welding current is required to pro- 
duce a weld of a given size. 

7. Ifa forging pressure is to be effective, it must build 
up in proper relation to the cooling of the weld, which de- 
pends upon the wave-form of the welding current, in- 
cluding preheat or postheat. In a weld which cools 
rapidly, the forging pressure must be applied more 
quickly than in one which cools slowly. 

8. There appears to be an optimum combination of 
wave form and pressure cycle which gives the widest 
range of current between the dud weld region and the 
region in which fine cracks, sheet separation and expul- 
sion are likely to occur. 

9. In the interest of simplification and standardiza- 
tion, dome-shaped electrode tips, 3 in. in radius of curva- 
ture, can advantageously be adopted for all gages of ma- 
terial from 0.020 to 0.064 in., inclusive. When one sur- 
face must be smooth, a dome tip of the same radius 
should be used opposite a flat tip. 

10. Electrode pick-up is affected by the direction of 
current flow in condenser-discharge equipment employing 
unidirectional welding current. The pick-up occurs 
more rapidly on the positive electrode tip. Since cur- 
rent density also affects electrode pick-up, advantage 
can be taken of the combined effects to increase the num- 
ber of welds between tip cleanings. This is accomplished 
by using a dome tip against a flat, the latter tip being 
positive. In this way the less favorable polarity is ap- 
plied to the tip at which the current density is more 
favorable. 


Practical Significance of Report No. 11 


The following observations which have been arrived 
at as a result of the investigations described in this report 
appear to have definite practical significance. 

1. With a constant pressure condenser discharge 
welding machine and with a given electrode shape, the 


value in order to insure a reasonable probability of mak- 
ing sound welds consistently free from cracks. The 
range in machine settings, over which such welds can be 
expected, depends upon the extent to which the mini- 
mum pressure is exceeded. The upper limit in electrode 
pressure is determined by sheet separation and distortion. 

2. In a constant pressure welding machine a high 
pressure is needed to avoid cracks while a low pressure is 
required to avoid sheet separation. The optimum pres- 
sure is that for which cracking and sheet separation 
simultaneously begin to appear, as the current is in- 
creased. The cracking referred to herein is that which is 
determined by radiographic examination and not that 
which appears on the surface. The optimum pressure as 
described above wili insure the widest current range be- 
tween the value at which dud welds are produced and 
that which results in sheet separation and cracking. 
When this current range is narrow, which is frequently, 
the case with a constant pressure welding machine, 
machine settings are too critical with respect to the 
avoidance of fine cracks, to be depended upon in pro- 
duction. 

3. The radius of curvature of dome-shaped electrodes 
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is an important factor in determining the critical nature 
of machine settings. In the interest of simplification 

‘and standardization, dome-shaped electrode tips with a 
3 in, radius of curvature could advantageously be adopted 
for all gages of material from 0.020 to 0.064 in. inclusive. 
‘One-inch radius tips are definitely too sharp. Four-inch 
radius tips are helpful in avoiding sheet separation, but 
may be objected to in some cases because of the high 
pressures required to avoid cracking and the high cur- 
rents required to make welds of proper strength. 

4. A variable pressure cycle in which the weld is made 
at a low pressure followed by the application of a higher 
pressure, has the following advantages over a constant 
pressure cycle: 

(a) Advantage may be taken of the opportunity to use 

a low welding pressure to avoid excessive sheet 
separation, and a high forging pressure to reduce 
the probability of cracking. 
The independent adjustments. to avoid sheet sepa- 
ration and cracking make possible a wider current 
range over which there is a high probability of 
obtaining sound, crack-free welds. Thus, machine 
settings become sufficiently less critical to be de- 
pended upon in production, once the proper pres- 
sure cycle has been established. 
(c) A lower value of welding current is required to pro- 
duce a weld of a given size. 

5. If the forging pressure is to be effective, when 
‘welding with a double pressure cycle, it must be properly 
timed with relation to the peak of the welding current. 
There appears to be an optimum combination of wave 
form and pressure cycle which gives the widest range of 
machine settings between the dud weld region and the 
region in which fine cracks, sheet separation, and expul- 
sion are likely to occur. Further investigation is re- 
quired to establish better quantitative relations than are 
yet available. The number of variables is large and the 
appearance of fine cracks is subject to some variation in 
borderline cases, which makes considerable experimental 
work necessary to establish the optimum combination. 

6. When a unidirectional welding machine is avail- 
able, and when a dome-to-flat electrode tip combination 
is desirable, advantage may be taken of a preferred 
direction of current flow to increase the number of welds 
detween tip cleanings. Pick-up occurs most rapidly on 


(0) 


the positive electrode tip. If the flat tip is made po 
tive, the reduced current density at this surface will tend 
to offset the effect of the less favorable polarity. 


Note by the Authors 


The authors wish to call attention to the fact that the 
experimental work, described by this report, was carried 
out largely in 1942. When the report was written, the 
term “‘electrode pressure’’ referred to the total electrode 
force at any given instant. Since 1942 the term ‘‘elec- 
trode force” has been generally adopted to replace the 
term “electrode pressure.’’ The principles set forth in 
this report have been successfully applied in later in- 
vestigations of the spot welding of other aluminum alloys 
and heavier gages of Alclad 24S-T: The effects of elec- 
trode force and current wave-form on cracking have re- 
cently been summarized in a paper by R. A. Wyant. 
An excellent description of the special weld- ~power unit, 
employed in the investigation, has appeared in a paper 
by J. W. Dawson and H. Klemperer. These papers 
have been added to the original list of references. 
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Corrosion Resistance of 


Aluminum Welds in 
Nitric Acid 


By R. B. Khmel’nitskaya' 


Aluminum is particularly suitable for application in 
the N industry as it is extremely resistant to attack by 
‘HNO;. Sheet aluminum, 5 and 10 mm. thick, contain- 
ing 0.48-0.67% Si + Fe, and in part of the experiments 
a special aluminum containing 0.002% Cu, 0.09% Si 
and 0.009% Fe, were oxyacetylene welded. The samples 
were tested as welded, as peened, as peened and annealed 
at 390°, and as peened and H,O-quenched from 500°. 
The greatest attack was noted in 15%, and 50% HNO. 
At 60° the rate of corrosion was about 20-40 times that 


1 Abstracted from Korroziya i Borba s Nel, VII, No. 3, 29-33, (1941). 


162-s 


WELDING RESEARCH SUPPLEMENT 


at room temperature. The usual evaluation by weight 
loss was not satisfactory, owing to the local nature of the 
attack. A quality evaluation based on the depth and 
nonuniformity of the attack is recommended. The non- 
uniform attack was due to the insufficient density of the 
weld metal and to micro-cracks and enrichment of the 
silicon and Fe;Al segregates in the contact zone. The 
density was increased by peening but at the cost of some 
loss of corrosion resistance. Heat treatment at tempera- 
tures over 300° increased the corrosion resistance. Heat 
treatment at 500° gave the minimum weight loss, but 
produced a large grain size which made the aluminum 
dull and rough after corrosion. The most uniform corro- 
sion was observed after annealing at 380°. Increased 
purity of the welding red somewhat decreased the weight 
loss of the welds but did not eliminate the nonuniformity 
of attack. For best corrosion resistance, a high-purity 
welding rod should be used, the peening should be done 
with particular attention to the contact zone and the 
welded joint should finally be heated to 380-400° and 


‘ cooled in air or H,O. (Chem. Abs., 39, No. 22, 5239 


(Nov. 20, 1945).) 
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Supplementary Report of Model Tests 


of Weld Reinforcements for the Hatch 


Abstract 


URTHER study of the subject of weld reinforce- 

ments for the hatch corners of ships as outlihed in 

David W. Taylor Model Basin Report R-289 of 
November 1944 suggests the desirability of tests to de- 
termine (a) the strains set up during the test at various 
distances across the plate in line with the corners of the 
hatch or slot, and (b) the usefulness of weld reinforce- 
ments to resist fatigue and thus to prevent a crack from 
developing at a stress raiser such as a saw cut. 

To explore item (a), five specimens were tested by 
taking strain gage measurements at eight stations across 
the specimen for each 100,000 Ib. increase in tensile load 
applied. The results showed that the welds not only 
prevented, at first, a build-up of tensile stress at the 
hatch corners, but later also actually produced a com- 
pressive stress during a considerable proportion of the 
test. They did not permit a tensile strain at the corners 
sufficient to produce fracture until the load in the plate 
rose above that of its ultimate strength for the net 
section. 

To explore item (b), 19 specimens were tested under 
cycles of completely reversed tensile and compressive 
stress in the David W. Taylor Model Basin alternating 
load testing machine. All plates were provided with 
stress raisers in the nature of a transverse saw cut on 
each lateral edge and 11 of them were reinforced with 
longitudinal welds laid across the ends of the saw cuts. 
Results of these tests showed that the welds increased 
the strength of the plates by over 7000 psi. in resisting 
the formation of cracks at the saw cuts. 


Introduction 


This paper is a continuation of previous reports of 
tests published in the May and June 1945 supplements of 
THE WELDING JOURNAL. It comprises three sections. 

Section I describes static tensile tests made at the 
National Bureau of Standards in their Emery 1,150,000- 
Ib. testing machine. Two specimens */, in. thick and 
three specimens §/, in. thick were tested; two plates were 
not reinforced with welds and three were reinforced with 
five overlapping weld beads at each corner. 

Section II describes the fatigue testing of 19 specimens 
in the David Taylor Model Basin alternating load ma- 
chine at various loads to bring out the advantage of the 
welds in preventing the development of cracks at stress 
raisers such as a saw cut. 

Section III describes the tensile tests of a few plates 
with small openings surrounded by weld reinforcements, 


* David W. Taylor Model Basin, Washington, D. C. 


Corners of Welded Ships 


By Captain G. L. Smith, U.S.N. (Ret.)* 
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one opening being rectangular and the other one circular. 
Specimens were tested in the TMB 600,000-lb. testing 
machine and pulled to fracture. The amount of elonga- 
tion was measured to determine the amount of energy 
absorbed. 


Section I—Specimens Tested at the National Bureau of 
Standards 


Four plate specimens, numbered 361, 362, 363, and 
364, were tested in the 1,150,000-Ilb. Emery testing ma- 
chine at the National Bureau of Standards for the pur- 
pose of measuring strains set up in the plates during 
test. Strain gage holes for a 2-in. base Whittemore 
strain gage were drilled on a line across the plate on 
each side at the end of the hatch opening; see Fig. 1. 
Even-numbered specimens were reinforced at the hatch 
corners with welds as shown in Fig. 2. 

The four specimens were identical in over-all shape 
except for plate thickness, 361 and 362 being cut from 
‘/,-in. plate and 363 and 364 being cut from */,-in. plate. 
As was expected, Specimen 364 did not fail at the maxi- 
mum load of 1,150,000 Ib. This was not considered im- 
portant, however, as the main object of the test was to 
obtain strain readings at the various stations from zero 
load approximately up to the breaking load on specimens 
having the same width of plate, the same width of hatch 
opening, and the same weld reinforcements. 

Figure 1 shows clearly the differences between strains 
produced in the welded plates and those in the plates 
without welds. Points on the curves were obtained by 
averaging the gage readings for the two sides of the 
plate and for the two sides of the hatch and dividing by 
8 to get the strains per inch, thus; (If + 1b + 8f + 
8b + 8) gives the average strain in inches per inch for 
the outer stations such as 1 or 8. In the same way 
points on the curve 4 & 5 were obtained by the equation 
4f + 4b + 5f + 5b + 8 = strain in inches per inch. 

On the non-welded specimens the curves for Stations 
1&8, 2&7 and 3 & 6 are practically identical, while the 
curve for Stations 4 & 5 clearly shows the increased 
strains resulting from the intensification of stresses at 
the corners. In the welded specimens, these first three 
curves open out considerably and the one for Stations 
4 & 5 actually crosses the zero litie into the compression 
side of the diagram. This curve again crosses the zero 
line at a load of about 800 kips. for the 5/s-in. plate, and 
at about 900 kips. for the */,-in. plate. The mean stress 
on Specimen 364, figured at a load of 900 kips., corre- 
sponding to zero strain at the corners, amounts to about 
43,000 psi. over the net section. This shows conclusively 
that the welds actually eliminate any intensification of 
stresses at the corners until the average stress is well 
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The peculiar shape of Curve 4 & 5 
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Section 1—Fig. 1 


similar welded reinforced plates where the sides of the 


on the welded specimens indicates, in effect, a pivoting 
or fulcrum point somewhere in the weld, about which 
the stretching of the metal outside of the welds produces 
a compressive load on the metal at the corners. This 
explains the action noted in several previous tests of 
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hatch opening first deflected inwardly and then out- 
wardly again before failure of the plate. 

Another effect of the welds is shown in the photograph 
of Specimen 362, Fig. 3, in which the end of the hatch is 
bulged up toward the welded side as a result of compres- 
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Section I—Fig. 2—Weld Reinforcements for Hatch Corners. 
Specimens Nos. 362-364 


sive stresses set up in a line from corner tocorner. With- 
out the welds, stresses in this line produced by a longi- 
tudinal tensile load on the specimen would be tensile and 
not compressive. This indicates that the welds reverse 
the cross stresses at a corner which contribute to failure. 
It is also the first indication noted which points to the 
possibility of reducing the angle at which the welds are 
laid on. 

To test this feature, a second specimen, 362-A, identi- 
cal with Specimen 362 except for a change in the angle 
of the welds to 20°, was tested with results as shown in 
Fig. 4. A photograph of this plate is shown in Fig. 5. 

The curves for this specimen are similar to those for 
362 but with the following differences: 


(a) The curve for Stations 4 & 5 did not go so far 
into the compression side of the diagram. 

(6) The curve for Stations 3 & 6 crossed above that 
for 4 & 5 much sooner than for Specimen 362. 

(c) The curve for Stations 4 & 5 recrossed the zero 
line at 740,000 instead of 800,000 Ib. 


These specimens failed as shown in Figs. 3 and 5. 
Specimen 362 failed at a mean stress of 61,200 psi. and 
Specimen 362-A failed at 64,600 psi. over the net section. 

Specimen 362-A bulged at the end of the hatch the 
same as Specimen 362. The middle point between cor- 


ners bulged up 7/s in. on Specimen 362 and 1 in. on 
Specimen 362-A, showing that the reduction in the angle 
of the welds did not reduce the compressive load be- 
tween hatch corners sufficiently to overcome the effect 


of the increase of 59,000 Ib. in the load on the latter 
specimen. 

It may therefore be assumed that the angle of the welds 
may be from 20 to 30° without endangering their effec- 
tiveness in stopping cracks at hatch corners. 

The bulging across corners on board ship would be 
prevented by the hatch coaming. This would mean an 
increase in the compressive load, but such an increase 
would not have any tendency to start a crack at the 


Section 1—Fig. 3—Weld Reinforcement of Stress Raisers. 

Specimen No. 362. Failed at 1,072,000 Lb. Brittle Fracture, 

61,300 Psi. Over Net Section. Compressive Stresses Across 
End of Hatch Buckled the Plate 
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Section I—Fig. 5—Specimen 362-A. Weld Reinforcement 
with Welds at 20° to Side of Hatch. Specimen Failed in the 
Ductile Made at 1,131,000 Lb., 64,500 Psi Over Net Section 


corners. Furthermore, it should be noted that the 
bulging action did not take place on the test of the */,- 
in, Specimen 364. The welds being on one side only of 
the plate, doubtless, was the primary reason for this 
bulging. 

In the testing of Specimens 361 to 364 inclusive, the 
tensile load was released at 750 kips. for 361, 950 kips. 
for 362, 850 kips. for 363 and 1150 kips. for 364; the 
gage readings were then taken to check the resulting 
recovery action. Curves of this recovery action are 
plotted on Fig. 1 and indicate for the */,-in. specimens 
considerably greater remaining elasticity in the metal at 
the corners of the welded plate than in the plain one. 
In the 5/s-in. specimens, the recovery action curves are 
about the same in shape but all recovery values are 
greater for the welded specimen. Owing to the limits 
of the scale on the gages, no readings for the 1 & 8 and 
5 & 7 stations could be taken to complete the recovery 
curve for Specimen 364. 

On Specimen 364 gage readings were taken before and 
after laying on of the welds, with the results as shown in 
Fig. 1. A maximum compressive strain per inch was 
found at Stations 3 & 6 or 0.002 in. with 0.0014 in. at the 
corners, while at the two outer stations, 1 & 8 and 2 & 
7, the values were lower, as would be expected, 0.0009 
in. and 0.0010 in. respectively. 

Previous methods of laying on of the welds were 
changed on the welded plates 362, 362-A and 364 toa 
back-and-forth movement from end to end of the welds 
rather than attempting to work from the center of each 
weld to either end. This change reduced the amount of 
heating and cooling action and appeared to be equally 
effective in reinforcing the corners. 
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Section II—Tests of Plate Specimens in an Alternating 
Load Machine 


Specimens 369 to 386 inclusive were tested in the 
alternating load machine at the David W. Taylor Mode} 
Basin to determine what effect the welds would have in 
delaying the formation of a crack at a saw cut. Plates 
in all cases were 11 in. wide and 5°/s in. thick. 

Specimens 369 to 376 inclusive had saw cuts '/, in, 
deep on each lateral edge, giving a net section of 6.25 
sq. in. Welds were laid on the even-numbered speci- 
mens '/, in. inside each saw cut, with a cross sectional 
area as nearly as practicable equal to the area of the saw 
cut. Table 1 shows the results of those tests, and it 
will be noted that all welded plates cracked either above 
or below the welded area. After the first plate failed 
in this manner, the welds on the others were tapered off 
at the ends to zero height in a length of 1'/2 in. to avoid 
an abrupt change in cross-sectional area at the ends of 
the welds. This, however, did not produce any change 
in the location of the failure as being outside the area 
bounded by the welds. 

Figure 1 is a photograph of Specimen 370 under test 
in the alternating load machine. Referring to Table | 


Section II—Fig. 1—Weld Reinforcement of Stress Raisers. 
Specimen No. 370. Alternating Load 14,400 Psi. Break 
Below Welds at 192,300 Cycles 
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Section II—Table | 


Alter- Failed 
Width Area nating cycles 
Spec. between Weld Weld net load, Load, thou- 
aw c widt 
369 10 -- -- 6.25 86,000 13,700 36.6 Cracked at 
192.3 
+34 6.2 000 14,400 ° roke 
371 10 -- 6. racked a 
3720 10.09 225 6. 423. Broke near 
e 
oo 64 racked at 
373 10 ? sam cuts. 
e 6.2 ‘100,000 16,000 95. Broke above 
«10 1 i/ 31 5 
375 10 -- -- 6.25 75,000 12,000 15.1 Cracked at 
saw cuts 
1Li1/4 .31 6.25 85,000 14,100 152.5 above 
welds 


Second series with smaller welis and longer saw cuts 


61,500 10,200 60.0 172" cracks 


55,000 9,200 59.0 
a 


45,000 7,500 102.4 


379 9.62 oo 6.00 


at t 
42,000 7,000 203.5 rat cracks 
aw 


35 1 4. roke below 
9.25 .22 5e 15, thru' 
9.22 11/85 e22 5270 96,000 16,700 49.0 thru' 
1 3/16 .23 «0 racked thru' 


9.50 


st Weld 
5.50 97,000 16,700 31.0 Gracked thru’ 


it will be seen that this plate had the largest weld. 
cross-sectional area was 1.1 times the area of the saw cut. 
It failed after 192,300 cycles under a load of 14,400 psi 


over the net section, cracking at a 
point just below the welds. 

In plotting the failure points— 
load in pounds per square inch 
against number of thousand cycles 
to failure, see Figure 2—sufficient 
points were not obtained from Speci- 
mens 369 to 386 to give definite 
curves, and additional specimens 
were tested as indicated in Table 1 
to establish the curves more defi- 
nitely. 

These specimens were made up 
with smaller welds and deeper saw 
cuts as indicated in Table 1. 

Specimen 384, see Figure 3, did 
not fail at the saw cuts. A crack 
started at 157,000 cycles extending 
about 5/x inch from the saw cut 
on one side, but did not increase 
in length. A shorter crack de- 
veloped at the saw cut on the other 
side at 206,000 cycles, but did not 
increase in length. The area of the 
welds on this plate was 0.212 square 
inch, a reduction of 35 per cent over 
the welds used on the first series, 
Specimens 369 to 386. 

The saw cuts on Specimens 381, 
383, and 386 were increased in depth 


inches so that these specimens 


did fail at the saw cuts. 


1946 


The welded specimens curve in 
Fig. 2 plots about 6500 psi. above 
the curve for the non-welded speci- 
mens. These curves when extended 
to the right, approach horizontal 
lines which would therefore be 
about 6500 psi. apart, and the welds 
again demonstrate their value as 
being around 7000 psi. It will be 
noted that for a stress of 12,000 psi. 
a non-welded slotted plate would 
fail at about 35,000 cycles while 
one with weld reinforcements would 
probably hold up for a million or 
more cycles. 

To obtain some idea of the resi- 
dual tensile stress remaining in the 
welds after testing, Specimens 370, 
372, 374, and 376 were fitted with 
strain gage holes for a 2-in. Whit- 
temore strain gage. Five stations 
were provided across the plate in 
line with the saw cuts, one on 
either side of each weld and one 
in the center between welds. Meas- 
urements were taken and the welds 
were then machined off with an end 
mill to a depth of '/s in. into the 
plate. Measurements were again 
taken and the results are shown in 
Table 2, together with the com- 
puted tension remaining in each 
weld. The fact that one weld on 
Specimen has more tension 
than the other one is due to failure 
to allow the plate to cool off to 


Its room temperature before applying the second weld. 
Figure 4 is included in this report to show that tem- 
perature has very little effect on the development of a 


Section II—Table 2—Residual Tension in Weld Reinforcements. From Whit- 
temore Strain Gage Measurements 
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3 
4+ .000/5 
00025 | | 34600 
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crack at a saw cut. 
ferent steels tested is very close to a vertical line. 
information was obtained from a Final Report to U. S. 
Coast Guard, Order No. ECS-2272-N, Fatigue Tests of 
12-in. by */,-in. Steel Plates with Severe Stress Raisers, 


The average curve for the three dif- 
This 


Section II—Table 3—Performance of Welds of Various Sizes 


Cycles 
Specimen Area of Alterna- - 
387" e111 16,700 19.4 Cracked through 
385" +183 16,700 31.0 Cracked through 
383" 2210 16,700 49.6 Cracked through 
+233 16,700 110.0 through 
3744 «310 16,700 92.0* Broke above welds 


* Taken from welded plate curve, Figure 2 
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500 G°0,000 CYLES 


prepared by Prof. W. M. Wilson of the College of Engi- 
neering, University of Illinois. 

In an attempt to get some data relative to the size of 
welds to use, certain specimens having various sizes of 
welds were tested as indicated in Table 3. Specimen 374 
was added to this set by picking off its predicted life at 


_ 16,700 psi. from the curve sheet, Fig. 2. 


Figure 5 shows a curve of cycles against size of weld 
in square inches, with the curve favoring the 374 point 
as being more accurate than the 382 point. The curve 
indicates that the weld adds strength in a greater pro- 
portion than that due to its size. This is manifestly 
due to the effect of the tensile stress in the weld reducing 
the maximum tensile stress set up in the specimen during 
the cycle of testing. 


Section III—Tests of Plates with Small Openings Rein- 
forced with Welds 


A series of 8 plates were pulled as shown in Table |. 
As stresses at small openings might be applied in any 
direction, half the plates were pulled lengthwise of the 
direction of rolling of the plate and the other half at 
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Fig. 5—Section II 


90° from this direction. For the plates with rectangular 
holes, the gain due to the weld was 8900 psi. over the net 
section, but for the plates with circular holes the gain 
was less than one half this figure. This would be ex- 
pected, as a circular hole develops the least stress in- 
tensification of any shaped opening. Here again the 
tests seem to prove the conservative value of the figures 
given in Commander Westergaard’s paper, Appendix 1 
of TMB Report R-289, reprinted in THE WELDING 
JouRNAL of May 1945. 

The welds applied to these plates were twice the plate 
thickness in width and one-half plate thickness in 


Table 1—Section III 


PLATE ce BREAKING ELON- MEAN | MEAN 
No. SHAPE LOAD | 6ATION ENERGY 


Las. | incnes| Las.in.| Las. 


Section II—Fig. 3—Weld Reinforcement of Stress Raisers. 
Specimen No. 384. Alternating Load 12,300 Psi, Broke Above 
Welds at 574,700 Cycles 
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height. They were spaced 
plate thickness from the openings 
Dimensions of the plates were such 
that the net section was the same 
for all tests of each shape of open- 
ing. 

: Figure 1 is a photograph of 
Specimen 366-L and Fig. 2 is a 
photograph of Specimen 368-C. 
Both plates failed in the ductile 
mode. 

These tests taken in conjunc- 
tion with previous ones show that 
single welds of the size specified, 
laid alongside stress raisers such as 
a right angle corner, add about . 
8000 psi. to the strength of the 
plate. This figure is obtained by 


scanning all previous tests of fa 
plates with single welds on one st 
side only. w 
he 

m 

Conclusions tt 


While the number of Specimens ¢ 
included in this report is not large, T 
the uniformity of the results ob- & 
tained appears to indicate the ac- v 
curacy of the following conclu- se 


Section III—Fig. 1—Weld Reinforcement of Stress Raisers Specimen No. 366L. Break- 


ing Load 275,000 Lb. Elongation 1.14 In. 

Section I explains the action of , 

the weld reinforcements in prevent- 

sufficient to produce fracture be- 

fore the ultimate strength of the 


specimen as a whole is reached. 

Section II shows the value of 
single welds in preventing cracks 
from developing at stress raisers, 
and the extent to which alternat- 
ing loads may be increased with 
safety by the use of these welds. | 
It also indicates the tensile stresses | 
which may be expected to exist in 
them and the size of the weld to 
produce the desired results. 

Section III shows that single 
welds twice plate thickness wide 
and '/, plate thickness thick, laid 
around small rectangular openings 
will add about 3000 psi. to the 
strength of the plate in which the 
opening is cut. 

While Sections II and III deal 
with single welds only, it may be 
assumed that the use of double 
overlapping welds would be about 
40% more effective, as shown in 

Fig. 23 of the Supplementary Re- 

—— port on Weld Reinforcements pub- 


Section IlI—Fig. 2—Weld Reinforcement of Stress Raisers. Specimen No. 368C. lished in the June 1945 issue of 
Breaking Load 325,000 Lb. Elongation 1.1 In. THE WELDING JOURNAL. ~ 
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ELDED ships built in the early part of the 

war received considerable unfavorable news- 

paper publicity because of a few structural 
failures. This served to focus attention on the residual 
stresses in welds and their probable importance in large 
welded structures. Stresses of yield point magnitude 
had been measured even in small, simple weldments, and 
many engineers believed that these had some effect on 
those failures. 

A new and radical method, low-temperature stress 
relieving, on which a patent has been applied for, was 
conceived by Harry E. Kennedy, and in September 1943, 
The Linde Air Products Co. and the Sun Shipbuilding 
and Dry Dock Co. started an extensive cooperative in- 
vestigation to determine its effectiveness and the pos- 
sibility of applying it to the critical welds on ships. 

Most of the work was carried out in the Sun yards at 
Chester, Pa., and once this method was proved effective 
it was applied to the critical welds on a T-2 tanker then 
being built in this yard. It has since been applied to 
several ships, both tank and cargo, at Sun Shipbuilding 
and Dry Dock Co. and elsewhere with the same success- 
ful results. 


Discussion of Residual Stress 


Before this method of relieving residual stresses is de- 
scribed, it is advisable to analyze the nature of the 
stresses which are set up in the joint and adjoining 
structure during welding by the contraction of the 
heated metal against restraint. 

For convenience of description, these stresses are 
usually classified into two types. One is called “reaction 
stress” and the other, for want of a better name, “‘re- 
sidual stress.” In this paper, the term “‘residual stress”’ 
will be limited to stresses in and immediately adjacent 
to the welded joint. 

Let us illustrate them in their simplest form, beginning 
with the reaction stresses. In Fig. 1 (a), two plates have 
been welded together without restraint. It is well 
known that they will have decreased in transverse di- 
mension as illustrated. This shrinkage we will denote 
as AT, In Fig. 1 (6), two more plates, the same size 
and shape, have been welded against restraint. These 
plates also want to shrink AT in the same way as in (a). 
They are restrained from doing so by the rigid frame to 
which they are welded, and the stress set up is approxi- 
mately equal to the stress required to stretch the welded 
plates in (a) out to their original width. 

The unit shrinkage can be represented as AJ/T. As 
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becomes 
large, and the stress, represented by S = (A7/T) X E, 
is also large. 

This type of stress results from the reaction or re- 
straint offered to the shrinkage by previous welding of 


T becomes smaller, the unit deformation 


the surrounding structure. The stress is more or less 
uniform across the plates and will add to any service 
stresses superimposed on it. In Fig. 1 (0), it is best 
to weld the butt before attaching the plates to the frame. 
In this way, the shrinkage will have taken place without 
restraint, and a large portion of the stress avoided. 

To summarize, reaction stresses are caused by shrink- 
age against the reaction of surrounding structure; they 
are inversely proportional to the distance between points 
of restraint; they will add to usual service stresses; 
and last, they may be greatly reduced by proper welding 
sequence. 

Weld metal tends to shrink lengthwise as well as trans- 
versely. However, relatively little loss of dimension is 
noticed in this direction, for the surrounding plate, which 
is relatively cool, restricts this type of shrinkage. In 
other words, the plates themselves furnish restraint to 
the weld in a lengthwise direction. Foundrymen usually 
allow about */-in. shrinkage per foot for cast steel. 
This is about 1'/:%. Elastic stretch at the yield 
strength is only about one-tenth of this amount, so that 
when the weld tends to shrink like cast steel, the stress 
resulting from restraint in a longitudinal direction must 
be of yield point magnitude. The upsetting action in the 
plate along the heated edge (also noticed when only one 
edge of a narrow plate is flame cut) adds to the shrinkage 
or distortion in this lengthwise direction. Since the 
stress is at the yield point, however, this added plate up- 
setting stress can only cause further plastic flow and in- 
crease the width of the yield stress band but does not 
increase the magnitude of the stress. During welding, 
considerable plastic deformation must take place in the 


‘weld and the immediately adjacent highly heated plate 


metal. 

This residual stress is localized along the weld and 
heated plate, as will be shown later. It has been found 
to be of yield strength magnitude in plates as short as 2 
ft. in length. However, under normal conditions of 
loading, it is doubtful if this stress adds to service 
stresses in the same manner as reaction stresses. Since 
the restraint is inherent in the plates themselves, weld- 
ing sequence is ineffective against it and even though 
welding procedures may minimize deformation they seem 
to have very little effect on residual weld stresses. 


Mechanical Stress Relief 


The yield strength stresses lengthwise to a weld corre- 
spond to an elastic strain of about 0.0015 in. per inch of 


} 
y 
as 


ye 


WELO FIRST 


Li» 


AY 


SECTION A-A. 


(6) 


ORIGINAL LENGTH 
A. QZ MOLTEN WELD METAL . 


LENGTH COOLED 
WITHOUT RESTRAINT: 


LENGTH COOLED 
UNDER RESTRAINT. 
STRAIN IN WELO. 


STRESS EQUAL TO STRESS 
REQUIRED TO STRETCH LENGTH B 
To LENGTH 


(c) 


Fig. 1 


WELDING RESEARCH SUPPLEMENT 


length. They are present only because of the relative 
difierence in length between the plate material and the 
cooled weld metal. Their release,can be accomplished 
merely by changing the relative length between the two. 

Since the weld metal is already stretched to the yield 
point any stretch resulting from tension loading of the 
entire structure would be primarily plastic in the weld 
and elastic in the plate material. This would change the 
length relationship upon release of load, because the plate 
material would be elastic enough to return to its original 
length, while the weld metal which had undergone plastic 
flow during loading, would have lengthened by an 
amount equal to loading strain. The stress in the weld 
upon removal of the load would thereby be reduced by 
an amount nearly equal to the stress originally applied 
to the structure. This is called mechanical stress relief. 
Figure 2 shows diagrammatically the tendency of de- 
formation in this phenomenon. It is to be noted that 
there is no permanent dimensional change of the length 
and width of the weldment produced by the loading. 


Controlled Low-Temperature Stress Relief 


If, on applying heat, the plate material adjacent to the 
weld could be expanded lengthwise an amount corre- 
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Fig. 2—-Diagram Showing Tendency of Deformation in Me- 
chanical Stress Relief 
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sponding to the strain in the weld (0.0015 in. per inch of 
jength) while the weld metal.was kept at normal tempera- 
ture, the weld metal would be stretched by an amount 
equal to the expansion. This stretch in the weld metal 
would be plastic, as we have seen, and would not be re- 
gained when the plate material assumed its normal 
length upon cooling. This simple operation would change 
the length relationship and release the longitudinal 
stresses in the weld. The change in length can be ac- 
complished by a relative temperature differential of about 
995° F. In practice it is impossible to hold the weld at 
normal temperature, so that the temperature of the plate 
must be raised to 350 to 400° F. maximum. 

This is the general theory of low-temperature stress 
relief. It is merely a modification of mechanical relief 
wherein the phenomenon of expansion is used to apply 
load to the already highly stressed weld. 

In practice the heating is accomplished by running 
oxyacetylene blowpipes parallel to and on each side of 
the weld. It is a progressive action, which can be applied 
in production to any size and almost any type of struc- 


Fig. 3—Low-Temperature Stress Relieving a Longitudinal 
Weld on the Deck of T2- Tanker During Construction 


Two 6-in. wide oxyacetylene heating heads are used with their 
center located 5 in. off the center line of the weld to heat the 
plating to a maximum of 350-400° F. Water or air-water spray 
are impinged 6 in. back of the advancing flames to remove the 
surplus heat and assist the expansion forces set up by the heating. 
Speed of travel is approximately 16 in. per minute for */,-in. plates. 


ture. It is shown in Fig. 3. In these photographs it is 
to be noted that water or air-water sprays are impinging 
on the plate approximately 6 in. behind the advancing 
heating flames. This serves two functions. It takes 
away all the surplus heat after the stress relieving has 
been accomplished, localizing the application to the 
seam being treated and preventing any possible expan- 
sion, buckling or distortion of the plating. By far the 
more important function is to assist and supplement the 
expansion forces set up by the heating. The objective 
of the stress-relieving operation is temporarily to expand 
the plate differentially on both sides of the weld in rela- 
tion to the weld. If the spray is properly located and 
correlated with the heating, it will rapidly cool the. 
plating and cause it to contract behind the heated area. 
This contraction will materially assist the expansion and 
forces set up in the area being heated. This supple- 
mentary correlated cooling permits full reduction of 
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Fig. 4—Standard 4-Ft. Wide by 7-Ft. Long Weldments Used in 
the Residual Stress Investigations and Study 


SR-4 electric-resistance strain gages for measurements of residual 
stresses are shown cemented on the weld and on the adjacent plate 
at 1, 2, 3'/2, 5 and 8 in. from the weld at mid-length of the weldment. 
These gages were cemented on both the top and bottom surfaces 
directly opposite each other and in both the longitudinal and 
transverse direction. 


residual weld stresses without overheating or upsetting 
the heated area and without distortion, dimensional 
change or imposition of residual stresses elsewhere. 


Plan and Method of Investigation 


Before the effect of any stress-relief measure was in- 
vestigated, some standard practice had to be set for the 


Fig. 5—Photograph Showing the Steps in Residual Stress 
Measurements by the Subdivision Relaxation Method 


Small elements containing the gages cemented top and bottom 
were carefully drilled out with a jig shown at the left. The electric- 
resistance strain gages are read with ‘Indicator’’ instrument, which 
electronically magnifies the resistance change with strain. To 
the right is the “dummy” standard, which is connected into one 
arm of the Wheatstone bridge circuit in order to correct auto- 
matically for any temperature change. Separate weldments were 
used for measurements of residual stresses either as-welded or 
after stress relieving. 
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determination of stress. Standard-sized plates and 
welding procedures had to be adopted to ensure uni- 
formity. 

The SR-4 electrical resistance-strain gage was adopted 
for all measurements. These gages are easy to use and 
yet extremely accurate. They are available in short-gage 
lengths, which makes them ideal for measuring strains 
—— stress concentrations exist or where stress gradient 
is high. 

Plates 7 x 2 ft. were adopted as standard. Two of 

50000 


Fig. 6—Residual Stresses As-Welded Plate MB-*/S, 
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these were welded together without restraint to form one 
plate 7x 4ft. The manual welds were of the single-vee 
double-welded type, welded with E-6030 electrodes. 
They were not peened during welding. The Unionmelt 
welds were made in a 30° included angle joint without 
root opening. Welding was done from one side with 
melt backing, then back welded without gouging or 
chipping. 
Originally, all plates were furnace stress relieved before 
welding to eliminate rolling stresses and to ensure uni- 
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Fig. 8—Residual Stresses After Low-Temperature Stress Relieving MB-65-2 


form results. This practice was omitted in some of the 
later plates, for it was found to have little effect on the 
result. 

Standard-gage layouts were adopted so that all stress 
curves would be comparable. Gages were close enough 
together to pick up the stress-distribution in the weld 
and adjoining plate, including, in every case, the area 
heated in the stress-relieving treatment. 

All gage stations were read on both sides of the plate 
and the average for each station was calculated. Read- 
ings were taken in both longitudinal and transverse di- 
rections and corrected biaxially according to accepted 
theory and practice. 

After welding the test plates, the gages were cemented 
to the plate and waterproofed. After an initial gage 


reading was taken, the section of the plate carrying the 
gages was removed by drilling through a standard jig 
and subdivided into single-gage stations on a “‘contour”’ 
saw. Care was taken at all times to keep work uniform 
and accurate and at nearly constant temperature. After 
this subdivision by saving, another gage reading was 
taken. The difference between the initial and final read- 
ing indicated the release of strain. A shortening of the 
steel as indicated by the gages shows relaxation of resid- 
tual tension, and conversely a lengthening of the steel 
shows relaxation of compression. This is independent 
of any plastic flow that has taken place while the stresses 
were being formed during welding. 

Figures 4 and 5 show the plates, gage locations, sub- 
division and strain measurement. 
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Fig. 9—Residual Stresses After Low-Temperature Stress Relieving Plate UB-65-2 
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Residual Stresses As-Welded in Butt Welds 


Figure 6 shows the residual stresses in both the longi- 
tudinal and transverse direction in typical manual butt 
welds as measured at the mid-point of 7-ft. x 4-ft. x °/,-in. 
weldments. The residual stresses were measured at the 
center line of the weld and at 1-in. intervals from the weld 
by the subdivision method previously described. In the 
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Fig. 10—Residual Stresses After Low-Temperature Stress Relieving USCG-65-2 
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tests, usually only the weld and the plate adjacent on one 
side were investigated, but in the curves the stresses in 
the plate on both sides are shown on the justified assump- 
tion of symmetry. 

Figure 7 shows both the longitudinal and transverse 
residual stresses for Unionmelt welds in 1'/,-in. thick 
plate. The stress pattern is very similar to that for 
’/,-in. manual butt welds shown in Fig. 6, except that 
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Fig. 11—Residual Stresses After Low-Temperature Stress Relieving Plate MB-65-9 
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it is somewhat wider, because of the larger welds in this 
heavier thickness. 

As seen from these curves, which are typical of quite a 
few tests made in various thicknesses, the critical highest 
residual stresses are in the direction longitudinal to the 
weld and almost invariably are between 40,000 and 50,- 
000 psi. or the yield strength of the weld metal. The 
residual stresses transverse to the welds vary somewhat, 
depending upon the location along the weldment, but 
generally are relatively small. 


Residual Stresses After Low-Temperature 
Stress Relieving 


Residual stresses in a typical manual butt weld after 
low-temperature stress relieving are shown in Fig. 8. 
This curve shows both the longitudinal and transverse 
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Fig. 12—Effect of Width of Heating Blowpipe on Residual 
Stresses in Weld and Center of Heated Area 


stresses, and, for convenience of comparison, the longi- 
tudinal'stress as-welded (average of three manual weld- 
ments used as standard for as-welded condition) is also 
shown. It will be seen that the high longitudinal residual 
stresses averaging about 43,000 psi. in the weld as-welded 
have been reduced to negligible value by the low-tem- 
perature stress-relieving treatment. Further, the stresses 
transverse to the weld remain very low and the treatment 
— not impose any appreciable stress anywhere in the 
plate. 

Figure 9 shows the stress pattern of a low-temperature 
Stress-relieved Unionmelt butt weld, as compared with 
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Fig. 13—Effect of Location of Heated Area on Residual Stresses 
in Weld and Center of Heated Area 


longitudinal stress pattern as-welded (average of two 
Unionmelt welded weldments 7 ft. x 4 ft. x */, in. as 
standards). The residual stresses in the weld have been 
effectively reduced, but higher stresses in the plate were 
noted as compared with Fig. 8. This probably resulted 
from inefficient cooling of the plate 6 in. behind the ad- 
vancing heating flames, because in the early experiments 
only a '/,-in. jet of water was used for cooling. Figure 
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Fig. 15—Diagram Showing Arrangement of Strain Gages at 


Intersecting Butt Welds 


el 


10 shows a typical case of some later tests which were 
made, using an air-water spray from a header 6 in. behind 
the advancing flames. This is a far more effective cool- 


ing application and is recommended wherever possible. 

In all of these tests, the conditions of low-temperature 
stress relieving were practically the same. Two 6-in. 
wide heating tips were used on 10-in. centers, the center 
line of each tip 5 in. from the center line of the weld 
traveling about 16 in. per minute for */,-in. plate, with a 
small jet of water impinging on the weld and either a 
small jet or spray of water from a header impinging on 
the plate 6 in. behind the advancing flames. The ambient 
temperature varied from about 40 to 70° F. 

To determine the effect of stress relieving in cold 
weather or of precooling the weld, several experiments 
were made on weldments with the weld precooled to 
around 0° F. with dry ice for 45 to 60 min. Figure 11 
shows the results of stress relieving when the weld is pre- 
cooled with dry ice with the maximum heating tempera- 
ture somewhat lower than 350° F. and at slightly higher 
speed of travel than the previous standard 16 in. per 
minute. As would be expected, precooling simply re- 
duced the maximum heating temperature required to 
relieve stress, but approximately the same temperature 
differential must always be maintained between the weld 
and the heated areas. 


Optimum Conditions for Low-Temperature 
Stress Relieving 


From the previous discussion of the theory of low- 
temperature stress relieving, it would be expected that 
many factors such as the width of heating flames, the 
location of the heated area in relation to the weld, the 
maximum temperature of heating, the method of cooling 
and other variables, would influence the effectiveness of 


Fig. 16—Residual Stresses Intersecting Butt Welds As-Welded 
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Fig. 17—Residual Stresses Intersecting Butt Welds After Low-Temperature Stress Relieving Longitudinal 
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Fig. 18—Residual Stresses Intersecting Butt Welds After Low-Temperature Stress Relieving Butt Weld A 
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the application of the method. Within reasonable and 
practical limits, any heating alongside of the weld will 
reduce the high residual welding stresses and improve 
the stress condition as compared to the as-welded state. 
Obviously, however, there are certain optimum condi- 
tions that will give the desired maximum stress relieving 
in reducing the residual stresses in the weld to about zero 
value without imposing any undesirable stresses else- 
where, such as in the heated area. Economy of applica- 
tion, absence of distortion or dimensional change, and the 
practical need of narrowing the heating as much as pos- 
sible to minimize interference had to be considered and 
investigated. 

In the investigations, all the variables, such as width 
of flame and maximum heating temperature were kept 
constant except the factor being studied. In all cases the 
stress patterns were taken at the mid-length of the weld 
to determine the residual stresses remaining in the weld 
and adjacent plate after the low-temperature stress- 
relieving treatment. The important data from these 
studies are presented below. ‘ 


Effect of Width of Heating Blowpipe 


The effects of the width of the heating blowpipe were 
studied, using single-flame heating torches and blowpipes 
with heads up to 8 in. wide, such as are extensively used 
for descaling or flame priming. The effect of the width of 
the heating blowpipe is shown in Fig. 12. It will be seen 
that a heating flame 6 or 8 in. wide gives the best results. 
Obviously it is more economical to use the 6-in. wide 
heating heads. (In recent experiments on '/,- and */s-in. 
plates, 3-in. wide heads have given as good results in the 
lighter gages as the 6-in. heads in */,- or 1-in. plate re- 
ported in this paper.) 


Effect of Location of Heated Area 


It would be expected that the location of the heated 
area in relation to the weld would be a very important 
factor. If the weld or immediate adjacent metal was 
heated, little reduction would be expected; likewise, if 
the area heated was 1 ft. or 18 in. from the weld, the 
effectiveness of the heating in straining the weld would 
be lost. Figure 13 shows the effect of the location of the 
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heated area. The optimum condition is obtained with 
the center line of the heated area 5 in. from the center line 
of the weld. (The size of the weld, which in turn is de. 
pendent upon the thickness of the plate, influences some. 
what the optimum location of the heated area. Recent 
experiments on '/,-in. plate thickness shows the desired 
location to be much closer than 5 in.) 


Effect of Maximum Heating Temperature 


This factor was investigated with considerable care and 
thoroughness, as obviously it was desired to effect the 
maximum reduction of residual stress at the lowest tem- 
perature. Figure 14 shows the effect on both the weld 
and heated area of the maximum heating temperature 
(in turn influenced by the speed of travel). These data 
show that for 300° F. maximum heating temperature (2) 
in. per minute travel for */,-in. plate), the residual 
stresses in the weld are reduced from 40,000-50,000 psi. 
as-welded to half these values or about 20,000 psi. 
Heating to 350° F. at about 16 in. per minute speed re- 
duces the residual weld stresses to practically zero value. 
The residual stresses in the weld are reversed with heat- 
ing to 400° F. (about 13'/,-in. per minute travel), and 
the weld is left actually under residual compression. 
But this higher temperature has a tendency to cause 
some upsetting in the heated area and induces some re- 
sidual stresses in the plate on the top or heated side. 
Although these latter stresses are not high or harmful, 
they can be avoided. The latitude in temperature of 
heating and speed of travel is quite broad, certainly not 
critical, and can be controlled easily and practically. 
However, it is recommended that the speed be checked 
and occasional observations be made on the width and 
temperature of the heat bands with temperature-indi- 
cating crayons. It might be stated that the optimum 
maximum temperature of 350° F. is applicable to all the 
plate thicknesses from '/, to 11/¢in. 


Optimum Operating Conditions, Table 1 


Many other factors that cannot be discussed in this 
paper because of limited space were investigated, but 


welomenr 7-0 Lowe 
STRESSES MEASURE AT 
44 — M1D-LENGTH OF 7-0 WELO 
| 
| | | | | 
— | \ + —-+— + ' 
aH 
N | 
i wee 
re 
| 
COMPRESSION |_rensvom | 
| 20000 | 1000 0. | 0000 | 20000 | yum | 49000 | 


Fig. 20—Residual Stresses As-Welded Plate Std-1 
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these have been found to be of relatively little influence. 
The distance of the oxyacetylene flames from the plate 
surface can vary appreciably without influencing the re- 
sults. Most of the pictures in the paper show a jet of 
water impinging on the weld, but this is not important 
and may be omitted without increasing the residual 
stresses left in the weld by more than a few thousand 
pounds per square inch. The location of the water or 
air-water cooling behind the advancing flames is more 
important. If the cooling is too close to the flames, say 
3 or 4 in., the heat will be robbed from the plate before 
the maximum temperature has penetrated through the 
thickness to effect the desired stretching of the weld. 
On the other hand, if the cooling is too far back of the 
advancing flames, the complimentary contraction forces 
produced by the cooling will be partly lost 

The optimum conditions for stress relieving com- 
mon commercial steel plates are given in Table 1 
for thicknesses of */2 to 1'/, in. Thicknesses from '/» to 
1'/, in. have been rather thoroughly explored. For 
thicknesses of less than 4/2 in., the more efficient or 
quicker transfer of heat through the thickness with less 
lag of heating on the underside makes it possible to use 
much narrower heating bands with decided increases in 
speed of travel. For plate thickness '/, to 1'/, in., the 
conditions of heating and cooling are the same, except for 
the speed of travel. 


Stress Relieving of Intersecting Butt Welds 


Since intersecting butt welds are frequently encoun- 


‘tered in ships, pressure vessels and other structures, 


extensive investigations were made of several such as- 
semblies. The purpose was first to determine the as- 
welded residual stresses at such points, and second to 
determine the effect of low-temperature stress relieving 
at such locations. It was particularly desirable to find 
out the stress reduction when only one weld was stress 
relieved, and if any harmful effect was produced on the 
other weld over which the heating flames must necessarily 
pass, and also whether sequence of heating was a factor. 

Six identical weldments 7 ft. x 4 ft. x */, in., as shown 
in Fig. 15, were manually welded. It should be par- 
ticularly noted that the longitudinal weld A was made 
first and the transverse weld B last. This is especially 
important in analyzing the data. Longitudinal and 
transverse SR-4 gages were attached at the intersection 
and along both welns A and B at 2, 5, 8 and 10 in. from 
the intersection. Also a typical strain gage study, see 
Fig. 15, was made of weld A, 20 in. from the intersection, 
to determine the pattern of residual stress and effective- 
ness of the stress-relieving treatment. 

The as-welded residual stresses measured in the inter- 
secting butt weld assembly are shown in Fig. 16. The 
residual stresses in the weld, 20 in. from the intersection, 
were of typical pattern, with the average longitudinal 
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Fig. 21—Residual Stresses After Low-Temperature Stress Relieving 


Plate MF-1 


stresses about 40,000 psi. and the transverse stresses 
about 5000 psi. in the weld. At the intersection the 
condition is quite different. It should be remembered 
that at this point the longitudinal stress of one weld is the 
transverse stress of the other. The stresses in the weld 
that are made last dominate and control the pattern. 
Since weld B was made last, it is controlling and its longi- 
tudinal stresses are high as expected, varying from 
40,000 to 45,000 psi. The transverse stresses in B are 
relatively low, but reached a value of 16,000 psi. at the 
intersection. This latter value is also the longitudinal 
stress of weld A, as previously explained. The longi- 
tudinal stress in the latter weld increases in value 
away from the intersection, probably reaching its ex- 
pected value of around 40,000 psi. 10 to 12 in. from the 
intersection, although this was not explored fully. (It 
was measured as 40,000 psi. in 20 in. away, as mentioned 
above.) It should be noted that the transverse stress of 
weld A is 45,000 psi. at the intersection, the same as the 
longitudinal stress of weld B. 

In Fig. 17 the residual stresses at the intersection are 
shown after the longitudinal weld A only had been 
stress relieved in this weldment. The low-temperature 
stress-relieving treatment was effective as usual, as 
shown by the stress pattern 20 in. from the intersection. 
At and near the intersection, very marked stress reduc- 
tion was effected, even though only one weld (weld A) 
was stress relieved. It is particularly to be noted that 
even the high longitudinal stresses in the untreated weld 
B were reduced 15,000 to 20,000 psi. The passing of 


Table 1—Optimum Oxyacetylene Operating Conditions for Low-Temperature Stress Relieving 


Approx. 
Plate Speed of Two Blowpipes——— Location of 
Thick 1ess, Travel, Distance from ————Width of Heat Bands-—----— Cooling 

Tu. In. per Min. Type € Weld 350° F. 400° F. 450° F. Spray 
1/, 24 E6* 5 in. 4-5 in. None None 6 in. 
5/s 20 E6* 5 in. 5-5'/. in. None None 6 in. 
3/4 16 E6* 5 in. 5-6 in. Trace None 6-8 in. 
1/s 12 E6* 5 in. 5-6 in. Trace None 6-8 in. 

1 10 E6* 5 in. 5-6 in. 1-3 in. None 6-8 in. 


E6* 


Distance of tip from plate can vary from 5/3. to 1'/s in. 
* Special drilled oxyacetylene 6-in. wide flame-priming heads. 


5 in. 


5-6 in. 1-3 in. None 6-8 in. 
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Fig. 22—Residual Stresses After Low-Temperature Stress Relieving 


Plate MFP-1 


heating blowpipes across this weld did not produce any 

harmful effect; on the contrary, it materially improved 

conditions. Furthermore, sequence of heating is not a 

a, and it is unimportant which weld is stress relieved 
st. 

In Fig. 18 are shown the stresses in another inter- 
secting butt weld assembly, where both weld A and B 
have been stress relieved. The stresses were reduced to 
about 10,000 psi. or less at all points. 


Fillet Welds (Stringer to Shear Plate) 


An important detail in welded ship construction is the 
fillet weld attaching the deck stringer plate to the hull 
shear strake. Extensive experiments were made on 


a: 


several assemblies 7 ft. long, simulating these fillet wei 
attachments. Several combinations of heating were 
tried for this application, which is obviously a diffici|t 
application of low-temperature stress relieving, and jt 
was found that the most effective stress reduction was 
accomplished with three heating blowpipes, one on the 
horizontal stringer plate and two on the outside of the 
vertical shear strake, with the edges of the heating tips 
again 2 in. from the welds. 

To measure the residual stresses longitudinal and 
transverse SR-4 gages were cemented on the weld and at 
intervals of 1, 2, 3 in., etc., on the stringer and shear 
plates. The residual stresses were measured by sub- 
dividing into the smallest sections permitted by the gages. 
The as-welded residual stresses are shown in Figs. 19 and 
20. These are for the same weldment, but are presented 
for the stringer plate in one figure and for the shear 
plate in the other. It will be seen that the residual weld- 
ing stresses are very high for these welds, being 47,000 
psi. in the longitudinal direction and better than 20,000 
psi. transversely. 

Figure 21 shows the residual stresses after low-tem- 
perature stress relieving. The residual weld stresses 
have been reduced from 47,000 to 10,000 psi. Figure 
22 shows the stresses of a fully penetrated fillet weld. 
The residual stresses have been reduced from 57,000 to 
9000 psi. by low-temperature stress relieving. 


Low-Temperature Stress Relieving Applied to 
T2-Tankers 


Project 


After the extensive basic investigations and research 
had been well advanced, low-temperature stress relieving 
was applied to ocean-going vessels, The first experi- 
mental application to check the effectiveness of this 
method of stress relieving on large-scale construction 
was made in July and August 1944, at Sun Shipbuilding 
and Dry Dock Co. in the construction of Hull No. 398 of 
the S.S. Tampico (Fig. 23). This is a T2-Tanker, 
16,500 Dwt.; 528’-0 Length O.A.; 68’-0 Beam. The 
welds treated were the longitudinal seams and trans- 
verse butts on the upper deck between frames No. 49 to 
No. 71, from forward cofferdam to aft cofferdam, prac- 


Table 2—Stresses in Pounds per Square Inch, Welds and Heated Area After Low-Temperature Stress Relieving, 


8.8. Tampico 
As-Welded Stress Relieved 
RA—Manual Seam 
Subassembly to rider plate (Tank Longitudinal 42,500 (T) — 1,600 (C) 
3) Transverse 2,000 (T) — 1,300 (C) 
RB—Unionmelt Seam 
Shop fab. and stress relieved Longitudinal 42,500 (T) — 5,700 (C» 
(Tank 3) Transverse 2,000 (T) — 3,000 (C) 
RC—Stress-Relieving Heated Zone 
Plug 5 in. from € rider plate weld Longitudinal 14,100 (T) 
(Tank 4) Transverse — 1,100 (C) 
T3—Weld Intersection 
Manual rider welds to transverse Longitudinal 16,000 (T) —6,600 (C) 
butt (Tank 4) ; Transverse 44,000 (T)* 11,700 (T) 
T4—Unionmelt Seam 
Stringer strake to D strake (Tank Longitudinal 42,500 (T) 23,500 (T)t 
5) Transverse 2,000 (T) 10,200 (T) 
T5—Manual Seam 
Subassembly to rider plate (Tank Longitudinal 42,500 (T) 4,800 (T) 
5) Transverse 2,000 (T) 600 (T) 
SB1—Bilge Seam 
Manual weld, outside beads Longitudinal 34,300 (T) 12,600 (T) 
heavily peened Transverse 8,000 (T) — 1,200 (C) 


Positive stresses indicate tension; negative stresses indicate residual compression. — : 
* Transverse butt—last one made, so predominant stresses are in transverse direction to ship. 


t These seams join 1!/,- and 7/,-in. plates for which optimum stress-relieving conditions had not been developed at the time. 
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Fig. 23_Prcogrph Showing the Low-Temperature Stress Relieving 
It Is to Be Noted the Spar 


of the Deck 2 Tanker in Dry Dock. 


Fig. 24—Applying the Stress-Relieving Treatment to the 
Longitudinal Welds of the Side Hull of a Ship 


Deck Has Been Removed and the Piping Unscrewed in This Section 


tically all the midship two-thirds the length of the deck, 
the critical stressed area of the ship in service. The bilge 
seams were treated for practically the same distance, 
from frame 50 and 65. 

The = oged in applying this stress relieving was as 
follows: 


Upper aa During shop fabrication and way con- 

struction. 

1. Unionmelt butt welds in large subassemblies 
welded and treated in shop. 

2. Manual seams joining subassemblies to center-line 
girder (rider plate) treated on ways before trans- 
verse butts were welded. 

3. Transverse butts treated on ways starting at mid- 
ship working forward and aft with construction. 

Bilge Seams—On ways after all welding was completed. 

1. Lower bilge seams joining C and D strakes. 

2. Bilge seams joining D and E strakes. 


Stress Investigation—T 2-Tanker S.S. Tampico 


In order to measure residual stresses after low-tem- 
perature stress relieving, plugs were trepanned from the 
deck and bilge of the ship. At the points investigated 
Rosette SR-4 gages were cemented top and bottom and 
water-proofed. After initial readings were taken outside 
and inside, 2°/,-in. diameter plugs containing the gages 
were carefully trepanned by drilling, and the relaxation of 
stresses was measured and computed. Where possible, 
these plugs were located to coincide with plugs removed 
from other hulls that were previously investigated for 
— stresses to evaluate benefits of this form of stress 
re 

Six plugs were removed from the weld and one from the 
Stress-relieving heated area after all welding and stress 
relieving was completed on the entire deck and 
bilges. Stresses in the welds are compared with residual 
stresses found normally in the as-welded condition in 
similar welds and plate thickness. Average of top and 
pa stresses is shown in Table 2 in pounds per square 
ine 
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To determine whether low-temperature stress relieving 
(which is only controlled heating adjacent to welded 
seams) affects in any way the normal stress distribution 
throughout the widths of the plates, plugs were trepanned 
from the plating material remote from any welds. These 
plugs were trepanned after the subassemblies were stress 
relieved, and erected on the ways but before the sub- 
assemblies were welded together. Average top and bot- 
tom stresses are shown in Table 3 in pounds per square 
inch in the following table. It will be seen that the 
residual stresses in the plate material were in the range 
of. rolling stresses, and no additional stresses were im- 
posed by stress relieving. 


Stress Relieving Ships in Dry Dock 


During the last year low-temperature stress relieving 
has been applied to the more important butt welds of 
hull and deck in critical portions of several large ocean- 
going welded tankers. The age of these ships ranged 
from about 18 mo. to 5 yr. The stress relieving of the 
butt welds has been done in dry dock while other repairs 
and conditioning have been carried on simultaneously. 
The butt welds that have been treated have included all 
the accessible longitudinal seams and transverse butts 


Table 3—Stresses in Pounds per Square Inch in Plate 
Material After Low-Temperature Stress Relieving, 


S. Tampico 
Location Longitudinal Stresses Transverse Stresses 
Bl 1,200 (T) —5700 (C) 
B2 — 5,500 (C) 3400 (T) 
B3 — 4,500 (C) — 300 (C) 
Cl — 1,700 (C) 1800 (T) 
C2 — 5,800 (C) 3900 (T) 
C3 — 10,600 (C) —9300 (C) 
D1 — 4,400 (C) 5500 (T) 
D2 — 2,300 (C) 3000 (T) 


Positive stresses indicate tension; 
residual compression. 
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of the deck, and longitudinal seams of the side hull and 
bilges, and the seams and butts of the bottom. The 
gunwale welds have not been treated because of the de- 
gaussing equipment and other interference. Howeyer, 
about 90% of all the seams have been stress relieved for 
the midship two-thirds the length of the ship, from ap- 
proximately the forward cofferdam to aft cofferdam. 
The accompanying photographs, Figs. 24 and 25, show 
several views of the application and equipment used in 
stress-relieving ships, both during construction on the 
ways and in dry dock. 


Stress Investigation—T2-Tanker Esso Utica 


One of the tankers stress relieved in dry dock was the 
Esso Utica in September 1945, after about 18 mo. of 
service. Other extensive investigations indicate that 
the residual welding stresses are not materially reduced 
in service, so although the as-welded stresses were not 
investigated on this particular ship, they may be con- 
sidered practically the same as those presented pre- 
viously in this discussion. For measuring the weld 
stresses after low-temperature stress relieving, 2°/,-in. 
diameter plugs were trepanned from the butts in the 
bottom shell and the seams of the side hull. All the 
seams were stress relieved under conditions presented in 


— 


Table 4—Weld Stresses After Low-Temperature Stress 
Relieving Esso Utica 


Residual Weld 
Stresses After 
Stress Relieving 


Psi. 
Manual Weld 
Transverse bottom shell Longitudinal — 8,100 (C) 
butt weld, Tank 4 Transverse — 3,800 (C) 
Unionmelt Weld 
Transverse bottom shell Longitudinal 9,200 (T) 
butt weld, Tank 6 Transverse — 6,700 (C) 
Manual Weld 
Longitudinal seam join- Longitudinal — 11,100 (C) 
ing */,-in. bilge to */s- Transverse — 23,200 (C) 
in. side hull plates, 
Tank 2 
Unionmelt Weld 
Longitudinal seam join- Longitudinal — 2,600 (C)* 
ing 5/s-in. side hull Transverse — 8,300 (C)* 


plates, Tank 2 


Positive stresses indicate tension; negative stresses indicate 
residual compression. 

* Stresses indicated on inside surface of welds, outside gages 
damaged in drilling in trepanning the plug. 


Table 5—Typical Physical Test Results 


Tensile Tests 
Yield Point, Ultimate Elong. 2 In., Red. Area, 
Plate Identity Location Psi. Psi. % % 
As-welded Weld metal 52,700 65,400 26.6 38.5 
Pt.-MB-?/,-4 Plate material 37,000 64,000 33.0 57.5 
L.T. stress relieved Weld metal 52,700 65,400 29.3 48.9 
MB-65-15 Plate material 35,500 63,000 36.5 56.5 
Heated zone* 37,500 63,000 34.0 56.0 
Fatigue Tests 
Krouse Rotating Specimens 0.150 in. Diam.—6000 Rpm. 

Plate Identity Location Stress Cycles Remarks 
As-welded Weld metal 37,000 15,992,000 Failed 
As-welded Weld metal 38,000 5,907 ,000 Failed 
As-welded Plate material 32,000 5,311,000 Failed 
As-welded Plate material 32,000 3,878,000 Failed 
As-welded Plate material 37,000 734,000 Failed 
As-welded Plate material 37,000 1,237,000 Failed 
As-welded Plate material 35,000 1,302,000 Failed 
Low temperature Weld metal 37,000 10,064,000 No Failure 
Stress relieved Weld metal 39,000 6,981,000 Failed 
Stress relieved Plate material 37,000 436,000 Failed 
Stress relieved Plate material 32,000 7,835,000 Failed 
Stress relieved Heated zone* 37,000 805,000 Failed 
Stress relieved Heated zone* 32,000 3,777,000 Failed 

* Heated zone is the base metal 5 in. from € of weld heated to 350° F. in low-temperature stress-relieving treatment. 

Table 4 for */,-in. plating at about 14 in. per minute, : 
using air-water for coolant. The stresses measured after Table & (Continued) 
stress relieving are presented in the following table. Charpy Impact Values 
Temperature— - 0° F. ~ 
Inspection and Checking of Stress Relieving Location As-Welded L.T.S.R. As-Welded L.T.S.R. 
It is, of course, highly desirable that such a stress- Parallel 31.5 32.3 28.9 25.6 
relieving treatment be readily subject to checking and Trans. on € 31.4 30.2 27.4 24.3 
inspection at any time. As seen from the Table of — on 25.4 27.8 34.4 31.7 
Optimum Conditions for Stress Relieving, the only im- eat zone 
portant variable is the speed of travel, which naturally Parallel 27.6 28.0 3.9 4.0 
varies with the thickness. This should be checked fre- Transverse 30.5 31.7 6.0 4.7 
quently with a watch or by observation of speed indica- — endl PF - 
tors on carriages. Also the width and temperature of the 30 4 


heat bands can be checked as a most reliable index by 
striking 350, 400 and 450° F. temperature-indicating 
crayons across the weld and heated area; it is recom- 
mended that this be done regularly. The Table of 


* Heated zone is the base metal 5 in. from € of weld heated to 
350° F. in low-temperature stress-relieving treatment. 
Impact values reported in ft-lb.: average of two specimens. 
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Optimum Conditions gives the desired temperature and 
width of heat bands. 


Metallurgical Effect of Low-Temperature Stress Relieving 


The application of heat when the temperature does not 
exceed 350 to 400° F. will not produce detrimental physi- 
cal or metallurgical changes under these conditions. 
This has been proved by extensive tests on the metal, 
including impact at various temperature from —40 to 
+70° F., and by fatigue, ductility and tensile investi- 
gations, and metallographic examinations. These tests 
have beer made on the welds ‘‘as-welded,”’ and on welds 
that have been strained by the force developed by the 
application of stress-relieving treatment (approximately 
0.0015 in. per inch or about 0.15% equivalent to a proof 
test of 40,000 to 45,000 psi). Also all the tests have in- 
cluded the zone affected by welding heat, the zone of the 
plate heated in stress relieving and the virgin plate—all 
from the same ship plate. A brief summary of a few of 
these tests is given in Table 5. Some special tests have 
been made, including powder explosive impact tests, and 
tensile tests of extremely large specimens 4 ft. wide by 
15 ft. long. The presentation of these extensive data is 
beyond the limit of this paper, but it may be stated that 
in no case was there any indication of any detrimental 
effect from the stress-relieving treatment. In impact, 
fatigue, tensile and explosion tests, the welds were far 
superior to the ship plate base metal. 


Summary 


Welding induces locked-up stresses in all structures. 
These stresses may be divided into two general classes— 
reaction stresses and residual stresses. Reaction stresses 
are generally not large and can be minimized by proper 
welding procedure and sequence. Residual stresses in 
or immediately adjacent to the welded joints almost in- 
variably approximate the yield strength of the weld 


Fig. 25—Photograph of the eon Used in Low-Tempera- 


ture Stress Relieving of the Welds in the Bottom of a Ship in 
Dry Dock 


metal in the longitudinal direction and are generally 
between 40,000 and 50,000 psi. The stresses transverse 
to the weld are somewhat variable and usually relatively 
small and unimportant. 
Low-temperature stress relieving is a process in which 
the weld is temporarily strained and proof-tested by con- 
trolled heating of the plate at either side of the weld to 
350 to 400° F. correlated with proper cooling. This 
process offers an effective and practical method of elimi- 
nating these residual stresses entirely or reducing them 
to negligible values without distortion or deformation. 
Experience has shown that this stress-relieving operation 
can be performed quickly, efficiently and economically on 
large welded structures. 


past of welding history a new word in the English 

language was coined by some resourceful individ- 
ual. That word is ‘‘weldability’’ which, though simple 
in its beginning and original meaning, has grown to man- 
size in stature and importance in respect to its significance 
in modern welding application. This term has been and 
is used with such a variety of shades of meaning that one 
may rightly conclude weldability to possess a value 
changeable as a chameleon. While, in some respects, 
this concept may be fundamentally correct, the writer 
boldly ventures to “‘stick his neck out’’ in an attempt to 
suggest some clarification of several points of argument. 
One must admit, however, that in view of the extensive 


G pst in the dim though not too distant 


* Opinions expressed are those of the author and not necessarily those of the 
Ordnance Department. 
t Senior Welding Engineer, Watertown Arsenal. 


This Elusive Character Called 
Weldability 


By W. L. Warner! 
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use of welding today an appreciation of some of the basic 
factors involved in this characteristic of weldability 
must have been realized in order to have successfully de- 
signed and fabricated so many serviceable weldments. 
The interpretation which one may wish to put upon the 
weldability characteristic of metals depends largely upon 
how one regards the general welding application prob- 
lem. Should this viewpoint be that the base metal is 
selected to fit suitably in with an arbitrary or desired 
welding procedure for a particular application or should 
the welding procedure be tailored to fit the base metal 
selected for the application? In short should base 
metals be selected to fit welding procedures or should 
welding procedures be selected to fit base metals? In 
the early days of welding the former viewpoint predom- 
inated but today it is believed that the latter is the pre- 
dominant viewpoint although actually the welding en- 


‘ 
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gineer and designing engineer may collaborate in a sen- 
sible approach to the problem from both viewpoints 

utilizing knowledge and experience gained from metal- 
lurgical and welding developments of the past. 

In the early days of metal-are welding, for instance, 

steels other than low-carbon plain-carbon steels were 
generally regarded as unweldable or as having poor weld- 
ability. This appraisal was based on the known welding 
procedures and welding knowledge of that time. Today 
the range of welding knowledge and experience has ex- 
panded to such an extent that many of those metals 
formerly regarded as unweldable are commonly welded 
without difficulty and when appropriate welding proce- 
dures are used they are found to be very readily weld- 
able. It is therefore apparent that this weldability 
property of metals must in some degree depend upon how 
they are welded. 
_ Quite commonly one finds the term ‘‘weldability” used 
in a broad general sense to indicate the relative ease with 
which a metal can be welded by the simplest of welding 
procedures. Economy of fabrication, often considered 
coincident with ease of fabrication, appears to be the 
primary consideration in this use of the term and no 
specific or precise welding procedure or definite service 
properties of the resulting weldment are involved. If 
this concept is the proper and correct understanding of 
the meaning of the term “weldability,” then it must be 
regarded that most high strength metals and alloys, or 
metals possessing special properties and necessitating 
special precise welding procedures for fabrication, would 
be classified either as unweldable or as having poor weld- 
ability. Actually many of these metals possess good or 
excellent weldability when fabricated with certain pre- 
cise. welding procedures. The determination and the 
prescription of such procedures is an important part of 
the welding engineer’s job. 

It is therefore obvious that the broad, general meaning 
of the term “‘weldability,’”’ outlined above, has only a 
limited value to the welding engineer and is not quite 
what he means when he uses the term in reference to 
fabrication of metals by welding. In fact, the welding 
engineer is just as much concerned with the application 
of precise welding procedures, the changes which occur 
in the metals due to welding, and serviceability of the 
result of welding fabrication as he is with the economies 
of that fabrication and the ease of accomplishing it. Of 
what practical use can be the successful completion of 
fabrication, if the result has not the desired serviceability 
value for the intended application? Or is the welding 
engineer supposed to be just playing around building 
weldments for the fun of it? 

If an especially complex welding procedure is necessary 
to successfully fabricate a certain steel into a weldment 
which is satisfactorily serviceable for a particular pur- 
pose, the success of this fabrication must indicate good 
weldability of that steel as far as that welding procedure 
and serviceability of the result of the fabrication are con- 
cerned. Then also it should be recognized that design 
of the weldment is a factor in the serviceability of it but 
what we have in mind primarily is that with good weld- 
ability of base metal the service properties of that base 
metal after the welding fabrication has been completed 
are such that together with the design of the weldment 
they make its serviceable performance possible. 

This thought then leads one to suggest that the broad 
general characteristic, previously referred to as repre- 
senting a measure of the ease of fabrication of metals, is 
not weldability exactly but rather denotes the ability 
of a metal to be fabricated generally by welding and may 
be termed ‘‘fabricability’”’ since it refers neither to weld- 
ing procedure nor serviceability in any specific sense. 
Thus we may define ‘‘fabricability”’ as follows: 
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Fabricability is the relative capacity of a metal to be 
simply and easily built into a weldment, or 

Fabricability is that characteristic of a metal which ce- 
termines the relative ease or simplicity with which it may 
be fabricated by welding. : 

With this interpretation we can then compare metals 
on a general basis by referring to their fabricability as 
good, limited or bad, but in so doing we have no specific 
reference to a specific welding procedure, welding proc- 
ess or service requirements unless specifically stated in 
conjunction therewith. In making use of the term we 
are concerned only with economically and successfully 
fabricating weldments without reference to design unless 
so specifically stated. It is thought that this concept 
has practical value to the welding engineer. 

Now let us consider for a moment what we might have 
in mind when we refer to ‘‘weldability’”’ as a property of 
metal in a specific sense. It is believed that all metals 
possess the property of weldability to some degree and 
the degree of possession must have some relation to how 
the metal is to be welded to produce the desired weld- 
ment. For practical purposes it is required that the 
properties of the metal, after welding has been completed, 
shall be adequate in order that the weldment may, as 
far as the base metal is concerned, be satisfactory for the 
service intended. If this property of weldability does 
not involve the element of serviceability of base metal 
then the welding engineer need not be further concerned 
with it, for it has no practical value to him. 

It would appear, then, that we really should attempt 
to define this characteristic of weldability of a metal as a 
function both of a definite, prescribed welding procedure 
and the service properties required of that metal for a 
particular application. Unless we can do something of 
this sort we do not help the welding engineer very much 
in his selection of base metals and welding procedures for 
manufacturing operations. 

For the purpose of the argument in which we are en- 
gaged it is desired to direct attention to several funda- 
mental points which may be involved to some extent in 
any explanation of the property of weldability of a 
metal. 

1. A weld is a localized consolidation of metals in 
which metal to metal bonds result. 

2. A weld is produced by a definite or specific welding 
procedure. 

3. Any practical welding procedure used to produce a 
weld involves heat in some form. 

4. Weldability of a metal is a measure of the ability 
of that metal to be welded in a definite manner, i.e., with 
specific welding procedure. 

5. Weldability of a metal is a property of that metal 
which may vary with the different welding procedures 
used to weld it. 

6. Since the weldability of a metal is a property of 
that metal and variable with the welding procedure used 
to weld the metal, it cannot also be variable with the de- 
sign of the weldment, except in so far as the welding pro- 
cedure may also vary with design. 

7. Weldability of a metal involves the degree to 
which that metal possesses satisfactory service proper- 
ties after welding by the required specific welding proce- 
dure. 

8. Since the weldability of a metal is a characteristic 
of that metal, variable with the welding procedure used 
to weld it and the service properties it possesses after so 
welding, then weldability is not dependent upon the 
method of test used to determine it after welding has 
been performed. 

It is possible that the reader may disagree on some of 
these points with the thought that this question of weld- 
ability is just another case of the tail wagging the dog. 
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In an attempt to answer such a criticism the writer de- 
sires to discuss two proposed definitions which have been 
considered by the Weldability Committee of the Welding 
Research Council. These are as follows: 

(a) Weldability of a metal is the capacity of that 
metal to be fabricated by welding, under the conditions 
imposed, into a structure adequate for the intended pur- 

se. 

PO) Weldability of a metal is the capacity of that 
metal to be fabricated with a prescribed welding proce- 
dure without detriment to its required service proper- 
ties. 

It may be recognized that these two definitions are in 
certain respects quite similar in that they both refer to 
weldability of any metal as a “capacity to be fabricated”’ 
by welding under certain conditions. Here the sim- 
ilarity ends, for the former definition relates the weld- 
ability property to adequacy of the weldment produced 
whereas the latter relates the weldability property to 
the properties of the base metal itself which result from 
the welding. Perhaps either concept is workable, if 
clearly understood and properly applied, but it is desired 
to discuss some of the details which should be given very 
serious thought before choosing a definition for this most 
fundamental of metal properties in respect to the applica- 
tion of welding. 

According to the first definition the welding conditions 
for fabrication are whatever is ‘“‘imposed”’ by the fabrica- 
tion requirements for the particular application. There- 
fore, in any specific case the welding procedure dictated 
by the “‘imposed conditions’ becomes the welding proce- 
dure prescribed by the required fabrication. If one can 
recognize all that is involved by a welding procedure then 
it becomes apparent that, in any specific case, the ‘‘im- 
posed conditions” actually mean a “prescribed welding 
procedure” except that, under the former situation 
what one does in the welding is dictated by conditions 
encountered as one goes along whereas under the latter 
with a definitely prescribed procedure determined, by a 
prior study of the problem, one has established what will 
be done before starting fabrication. It will be appreciated 
that the latter course may be the more difficult to follow 
in many instances and requires a practical background 
of engineering experience in welding fabrication. 

This first definition attempts to define the weldability 
of a metal in respect to the adequacy of the weldment 
which results from fabrication with the welding procedure 
dictated by the conditions imposed. It seemingly 
ignores the fact that adequacy of the weldment for serv- 
ice intended involves other factors besides the weld- 
ability of the base metal. Therefore, in the event the 
weldment proves inadequate for the intended service one 
is permitted to conclude by the definition that weld- 
ability of the base metal is at fault whereas it may well 
have been that the structure was not properly designed 
or it was put to improper use. Fundamentally, both of 
these latter factors are no concern of the base metal but 
should be considered in selecting any base metal for 
welding fabrication. Herein, lies a deterrent to use of 
this definition for it is possible thereby to put respon- 
sibility for weldability of the base metal on the designing 
engineer instead of the maker of the metal. This ap- 
pears undesirable for, while it is recognized that the de- 
sign of the structure may be inadequate or improper for 
the required service, to subject the appraisal of weld- 
ability of the base metal to the vagaries of structural de- 
sign is technically unsound from any viewpoint. 

In addition, by this definition it appears that the only 
way to determine weldability of a base metal is by the 
fabrication of a structure such as is intended for actual 
use and the application of a service test to the weldment. 
This structure must be actually put to use in the service 


intended in order to determine its adequacy by perform- 
ance. One must agree that this procedure does deter- 
mine the adequacy of both design of structure and weld- 
ability of base metal but the real question is how does 
one differentiate between these two factors in case of 
failure of the weldment to perform satisfactorily? The 
definition does not indicate an answer for, in accordance 
with it, both weldability of base metal and design of 
weldment must either pass the test or fail together. 
There can be no distinction made. In this respect, then, 
the result of such a test may be of no value, as far as 
weldability is concerned, and can become very cumber- 
some as well as wasteful of time and money. Another 
point, which is an important consideration, is the fact 
that both the designing engineer and welding engineer 
cannot afford in many instances to wait for fabrication 
of production weldments to determine whether the com- 
bination of welding procedure, base metal and design is 
going to work successfully. They must have some as- 
surance of possible success before submitting their 
brainchild to the ultimate test of performance of a pro- 
duction weldment. Some preliminary evidence of base 
metal performance by welding is usually desirable. 

Since the weldability of a metal is a property of that 
metal then this property should be defined in terms of 
performance of the metal under certain prescribed condi- 
tions, so that under those conditions this property as- 
sumes a definite pattern in terms of performance prop- 
erties of the metal. 

Perhaps before going on, we should ask ourselves, what 
are these performance properties to which we refer? 
Generally it may be considered that metals are used as 
engineering materials because, in varying degrees, they 
possess the properties of strength, soundness, toughness 
and resistance to corrosion. Since metals are usually 
selected for engineering applications on the basis of per- 
formance, the degree to which these properties of 
strength, soundness, toughness and resistance to cor- 
rosion are possessed by a metal determines to a large ex- 
tent the selection of that metal for a particular applica- 
tion. 

If now the structure to be used for the particular ap- 
plication is to be welded, then we are interested to know 
whether welding of the metal, selected to build the struc- 
ture, in a certain definite manner, will affect the per- 
formance or service properties of the metal sufficiently 
to prevent the metal from functioning properly in the 
structure. Emphasis should be placed on welding in a 
certain, definite manner, not just any old way, since each 
weld made is produced by a certain definite welding pro- 
cedure, even though we may not always take the time to 
record every detail of it. Then too, if we desire t6 ob- 
tain definite results in our appraisal of the property of 
weldability, we must precisely prescribe the test condi- 
tions. 

This definite welding procedure to which we refer is 
determined in many cases by the common method of 
trial and error, either because of lack of experience or be- 
cause of lack of proper development, but, in any case, it 
is essential that it be definitely determined, if only for 
production control purposes. In that respect such a 
procedure may be considered as a prescribed welding 
procedure. 

It is obvious that this prescribed welding procedure, 
which has been established for a specific case, must be to 
some extent dependent upon the design of the weldment 
to be fabricated. It must also depend upon the known 
response of the base metal to its application, i.e., in so 
far as the metal’s performance or service properties may 
or may not be harmfully affected. All that is necessary 
then, to test the weldability of a metal, is to weld it with 

the prescribed welding procedure required for fabricating 
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the weldment and determine to what degree each of the 
service properties of the metal, required for satisfactory 
service in the weldment, is impaired by the performance 
of welding. This can be done without the necessity of 
fabricating a production weldmert. 

Obviously however, this cannot be done for general 
use by a single laboratory test but some laboratory tests 
may be more helpful than others in this respect. Pos- 
sibly this line of reasoning brings us closer to a realization 
of what the welding engineer should have in mind when 
he refers to this weldability property of metal. 

While this term “‘weldability” is very often used in a 
relative sense to compare metals for fabrication by weld- 
ing, nevertheless, it is a definite property of metals. To 
be sure it is variable in value with different welding pro- 
cedures, yet when a specific welding procedure is pre- 
scribed this property of weldability assumes a definite 
value. 

This brings us to a concept of weldability which ap- 
pears defined by the second definition given previously 
above which is repeated as follows: 

Weldability of a metal is its ability to be fabricated 
with a prescribed welding procedure without detriment 
to its required service properties. 

Now that we have considered in some detail the im- 
plications of both proposed definitions it may be well to 
back off a bit and consider for a few moments the broad 
aspect of general usage of the concepts from the engi- 
neering standpoint. To do this let us apply ourselves to 
a consideration of how these two concepts may be used 
and what such usage involves on the part of the designing 
and welding engineers. 

If the design of the weldment is new and untried and 
the base metal selected has not been welded previously, 
the prescription of a precise welding procedure for pro- 
duction purposes is a rather hazardous proposition, 
without prior welding experience with the metal, partic- 
ularly if that metal is a high-strength heat-treated alloy 
steel. The obvious procedure would be to first study 
the welding response of the steel by means of laboratory 
tests to determine how the steel should be welded under 
the worst conditions which may be imposed by the design 
of the weldment to be fabricated in production. In this 
manner the welding procedure to be prescribed for pro- 
duction would be determined. Then if the weldment did 
not perform satisfactorily one could rightly say that the 
design is at fault, not that the base metal weldability 
is improper for the application. 

On the other hand, as suggested by the first definition, 
the laboratory could be bypassed and several experi- 
mental production weldments fabricated by various pro- 


cedures and tested to determine performance. 1f per 
formance is O.K. then everything is lovely but, if not. ¢ 
again. This method can be costly and time consuming. 
However, this method of weldability determination may 
appeal to the practical engineering mind as being simpler 
and less complicated. It could involve more complica- 
tions than the other method previously referred to. 

Perhaps this method requires less precise thinking and 
planning on the part of both the designing and welding 
engineer to reach a conclusion, particularly if a large 
enough factor of safety is used in the design. It follows 
the old saying, ‘“‘the proof of the pudding is in the eat- 
ing.” It is the old reliable ‘cut and try” method which 
welding application has followed for so long. To those 
who are accustomed to eating puddings made by ‘rule 
of thumb”’ recipes such practices appear adequate and to 
some extent desirable. 

However, if welding engineering is to take its place 
along side other established engineering professions weld- 
ing engineers must learn how to prescribe welding pro- 
cedures to satisfy the requirements for fabricating a de- 
sign so that the service properties of the base metal after 
welding are not reduced below the values required for 
adequate serviceability of the weldment. To do this re- 
quires some knowledge of metallurgical properties of 
metals, mechanics of structures, and experience with 
welding materials. 

With the method suggested by the second definition the 
effect of various and sundry precise welding procedures 
on metal properties are determined by all the necessary 
laboratory tests, the welding being carried out under 
even the most severe conditions which might be imposed 
by fabrication of the production weldment. With this 
knowledge and experience, embracing performance of 
several metals and welding procedures, the welding en- 
gineer is in a position to select metals and prescribe weld- 
ing procedures which should produce adequately service- 
able weldments provided the designs of the structures 
are suitable for the intended service. The weldability 
property of the base metal should not be disparaged when 
design of structure is inadequate. 

If the welding engineer makes adequate laboratory 
tests he can determine weldability of metals without 
fabricating production weldments. The objective of 
welding research and development work is determination 
of such data together with proper welding procedures. 
The rule of thumb procedure in production welding 
fabrication should be on its way out. When it becomes 
an exception rather than the rule welding engineering 
may then be regarded more as a science than an 
art. 


Impact Shear Strength of Silver Alloy 


Brazed Joints 


By H. A. Smith and P. A. Koerner! 


Introduction 


OME two years ago, our organization became in- 

terested in the possibility of assembling primary 

k Jairframe structures by silver alloy brazing meth- 

ods. In the ensuing period of development, extensive 
* Scheduled for Twenty-Sixth Annual Meeting, A.W.S., Oct. 1945. 
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eraft Corp., Wichita, Kan. 


testing has been done on single-joint test specimens and 
on full-scale structural and flight test assemblies. In- 
terest in this method of fabrication was aroused by sev- 
eral attractive features: , 

A. Distortion of assemblies, caused by the heating 
and cooling of components during and following conven- 
tional are or gas welding practice, may be minimized 
by low-temperature silver brazing. Distortion of as- 
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Fig. 1—Cross Section of Impact Shear Test Specimen 


semblies, customarily heat treated subsequent to weld- 
ing, may be minimized by the brazing together of com- 
ponents subjected to heat treatment prior to assembly. 

B. In the event that machining errors should occur, 
low-temperature brazing of finish-machined parts per- 
mits rejection of components and not entire assemblies, 
as would be the case with machined weldments. Further- 
more, through simple hardness checking after the heat 
treatment of components, unsuitable steel that may be 
present can be detected and rejected before brazing. In 
this case, components can be rejected and not entire as- 
semblies as would be the case if unsuitable steel is welded 
into assemblies and then heat treated. 

C. Nonferrous copper base and nickel base alloy 
components, as well as malleable iron castings, may be 
readily and inexpensively incorporated into steel struc- 
tures. 

D. Over-all savings in time and raw material cost 
can be effected by the rapidity with which joints may be 
made and by the assembly of simple components made 
from standard wrought sections such as bars and tubes, 
into subassemblies instead of machining such subassem- 
blies in their entirety from solid billets. 

E. With proper joint design, satisfactory silver- 
brazed joints can be consistently made with less super- 
vision when induction heating methods are used, than 
when joints are made with arc or torch welding methods. 
Very little of the personal factor appears in the produc- 
tion of properly designed induction brazed joints. 

F. In event of design changes necessitating replace- 
ment of components, nonheat-treated subassemblies 
can be readily disassembled and the necessary replace- 
ments made, whereas in the case of arc, or gas-welded 
subassemblies it would be necessary to replace complete 
subassemblies. 

If silver alloy brazing is to be satisfactorily used as a 
joining method in fabricating aircraft primary structures, 
standardization in joint design as well as standardization 
in brazing and inspection procedures must be established. 
One important factor in design procedure is the knowl- 
edge of joint strength under different conditions of load- 
ing and of the behavior of such joints just prior to and 
during failure. Consequently, the present investigation 
was initiated to determine the strength of silver-brazed 
lap joints when subjected to shear stresses caused by im- 
pact loadings and to compare such strengths with those 
developed in shear by static loadings. 


Materials 


Preliminary tests were conducted with specimens 
made from NE 8630 steel. Before brazing some of these 


1946 


follows: 


specimens were hardened and tempered to Rockwell C45 
hardness and the remainder were used in the ‘‘as-re- 
ceived”’ condition which was reflected in their Rockwell 
C17 hardness. A few tests were also made with a carbon 
tool steel in an effort to find a steel which wovld not 
soften as much as an A.I.S.I. E4337 steel when subjected 
to the tempering influence of silver-brazing operations. 
The majority of the tests were made with material from 
one heat of A.I.S.I. E4337 steel which was hardened and 
tempered to Rockwell C45 hardness before brazing: 
Tests on the tensile impact and tensile properties of steel 
were made on an A.I.S.I. A4140 steel. 

The analysis in per cent of the various steels used is as 


IMPACT SHEAR STRENGTH OF BRAZED JOINTS 


S Mn Si Ni Cr Mo WwW 


NE 8630 0.30 0.82 0.31 0.52 0.48 0.19 a 
Carbon tool 0.89 1.24 0.37 0.53 0.40 
A.1.S.1. E4337 0.38 0.72 0.30 1.87 0.71 0.29 
A.1.S.I. A4140 0.41 0.73 0.28 0.21 0.99 0.21 


The silver-brazing alloy employed satisfied the re- 
quirements of Aeronautical Material Specification 4770. 
The liquidus of this alloy occurs at 1175° F. and the 
nominal analysis in per cent is as follows: silver, 50; 
copper, 15.5; zinc, 16.5; cadmium, 18. The flux used 
with the silver-brazing alloy satisfied the requirements of 
Aeronautical Material Specification 3410. 


Test Specimens 


All joint tests except those of a preliminary nature 
were made according to the design shown in Fig. 1. The 
component parts of this type of joint were so propor- 
tioned that the cross-section area of the female part was 
the same as the cross-section area of the male part, 0.120 
sq. in. The area between the faying surfaces of the two 
parts when assembled was adjusted by varying the 
amount of lap between the joint components. To vent 
the joint during brazing, a 4/\-in. hole was drilled 
through the threaded end of the female component. The 
center drill hole in the threaded end of the male part 
served as a reference point for mounting the test assem- 
blies in the brazing jig. After heat treating and prior 
to brazing all specimens were ground to a surface of 100 
rms. micro-inches, It will be noted that the NE 8630 
preliminary joints had a cross-section area of 0.062 sq. 
in. instead of the standard 0.120 sq. in. cross-section area 
otherwise used. 


Brazing Procedure 


Preplaced */,-in. diameter brazing alloy wire was 
used for making the joints. This ring and the component 
parts of the joint were degreased within two hours prior 
to brazing. Before brazing the alloy ring was placed 
within the steel female component, both components were 
fluxed and the joint was assembled on the jig as shown in 
Fig. 2. Note that the joint has its axis of symmetry in a 
vertical direction. This is important as gravity thus aids 
in making a better joint especially when the clearance 
between the faying surfaces is large. Subsequent to as- 
sembly, joints were heated either by induction or with 
an oxygen-acetylene torch until a good fillet was formed 
at the outside junction of the male and female compo- 
nents. After heating, brazed specimens were not rempved 
from the jig until the flux had hardened. Figure 3 is a 
photograph of a brazed and cleaned impact specimen. 
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Testing Procedure 


The brazed joints and the A4140 steel tensile impact 
test specimens were tested in an Olsen Universal Impact 
Testing Machine. This machine applied an axial tensile 
impact loading of 264 ft.-lb. which was supplied by a 
heavy pendulum which struck the test specimens with a 
velocity of 16.5 ft. per second. 


Data tested at conventional tensile testing 
Table 1 presents a résumé of data pertaining to silver- doading. Colum gives the unit 
gives the unit energy absorption for a joint that will have data in column 8 are a direct measure of joint fillage which 
- _ are expressed on the basis of the unit strength of the 
fractured joint, in percentage of a 100% filled joint. 
Table 3 presents data relative to the impact tensile 
properties of steel bars and tubes and compares these 
properties with the tensile properties of similar specimens 
tested at the usual tensile testing machine rates of load- 
ing. This table is included to furnish data with which 
to compare dynamic and static joint test results. 

Figure 4 is a plot of the energy absorbed vs. the lap for 
the impact specimens shown in Fig. 1. This plot gives 
graphically, the relative amounts of energy absorbed in 
various parts of the impact specimens during fracture. 
The upper curve in Field I represents the actual values, 
except for zero lap, obtained from fractured filleted joints. 
The lower curve is that estimated for nonfilleted joints. 
In Field II are individual observations from brazed speci- 
mens whose components absorbed energy by plastic ex- 
tension before the joint itself fractured. The plotted 
values represent the sum of the energy absorbed by the 
joint components which did not break, and by the joint 
which did fracture. In Field III one point is given that 
represents the energy absorbed during the fracture of 
the solid component of the brazed specimen in which 
the joint did not break. 


- Discussion of Results 


Fillets 


By comparing items 3 with items 5 of Tables 1 and 2, 
the effect of fillets on the strength of silver-brazed joints 
is shown. When joints with fillets are compared with 
100% of the volume between faying surfaces filled with joints without fillets, it will be seen that filleting increased 
silver alloy. These values are based on careful estimates the impact strength of silver-brazed joints 38.4% and 
of joint fillage through visual inspection of fractures. that it increases the tensile strength of such joints 13.2%. 
The figures in column 8 are a direct measure of joint fil- Thus it can be seen that fillets bring about an improve- 
lage and indicate, on the basis of the unit energy absorbed ment in impact resistance which is approximately three 
by the fractured joint, the degree of effectiveness with times as great as the improvement in resistance to tensile 
which the joint was made in percentage of the strength loading. Consequently, it is especially necessary in de- 
of a 100% filled joint. signing joints where impact loadings are to be considered 

Table 2 contains data relative to the shear strength of to provide generous fillets. 


Fig. 2 


Table 1—Impact Strength of Silver-Brazed Joints in Shear 


(1) (2) (3) (4) (5) (6) (7) (8) 
Actual Joint Mean Ft.-Lb./ 
Radial Nominal Mean Ft.-Lb. Mean Ft.-Lb./ Sq. In. for 

Nominal Clearance, Shear Area, for Sq. In. for Fracture, 100% 

Lap, In. Fillets In. Sq. In. Fracture Fracture Joint (6) X 100/ (7) 
0.125 Yes 0.002 0.158 18.7 111.6 116.3 96.0 
0.250 Yes 0.002 0.316 ~ 85.0 108.3 114.8 94.5 
0.375 Yes 0.002 0.474 88.2 185.7 201.0 92.4 
0.375 Yes 0.008 0.474 90.3 188.7 226.2 * 83.3 


0.375 


0.002 0.474 127:0 144.5 


All joints with 0.002 in. radial clearance were made with one preplaced '/;.-in. wire ring. The 0.008-in. radial clearance joint was 
made with two preplaced '/j.-in. wire rings. 
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Table 2—Tensile Strength of Silver-Brazed Joints in Shear 


(1) (2) (3) (4) 
Radial Nominal 
Nominal Clearance, Shear Area, 
Lap, In. Fillets In. Sq. In. 
0.125 Yes 0.002 0.158 
0.250 Yes 0.002 0.316 
0.375 Yes 0.002 0.474 
0.375 Yes 0.008 0.474 
0.375 No 0.002 0.474 


(5) (6) (7) (8) 
Actual Joint Mean Psi. 
Mean Lb. Mean Psi. for Fracture, 
for Fracture for Fracture 100% Joint (6) X 100/(7) 

10,040 58,000 59,850 97.2 
12,750 41,150 47,75 86.2 
18,150 39,050 44,550 87.2 
17,850 39,050 43,900 88.9 
15,800 34,000 39,350 a7 


All joints with 0.002 in. radial clearance were made with one preplaced '/j.-in. wire ring. The 0.008-in. radial clearance joint was made 


with two preplaced !/j.-in. wire rings. 


— 


One major factor appears to contribute to the beneficial 
influence of fillets on joint strength under conditions of 
impact loading. The strength of a joint under conditions 
of impact loading is more dependent upon abrupt changes 
in section than is the strength of the same joint under 
conditions of slowly applied loadings. Consequently, 
generous fillets are important since they distribute im- 
pact stresses at the critical change of section. 


Radial Clearances 


The effects of radial clearance on the strength of silver- 
brazed joints are shown by comparing items 3 and 4 in 
Tables 1 and 2. It will be noted in the summary of this 
comparison in column 7 of Tables 1 and 2, that there is a 
small increase in energy absorption (12.5%) in joints 
with greater clearances while the tensile strength de- 
creases slightly (1.5%) with increase in joint clearance. 
Inasmuch as generous margins of safety are used in de- 
sign practice, the decrease in joint tensile strength caused 
by large clearances is unimportant. If impact tests had 
been made on specimens without fillets, a greater degree 
of improvement in impact strength would have been ex- 
pected with the increased radial clearances. The reason 
for the improvement in impact resistance brought about 
by increased clearances, is that with greater clearances, 
the silver alloy between the faying surfaces of the joint 
will stretch over a greater distance before fracture than 
it will in joints with smaller clearances. Assuming a non- 
filleted joint, perfect adhesion to the steel surfaces and 
a uniform clearance between the faying surfaces of the 
joint the energy absorbed for an 0.008-in. radial clearance 
joint should be four times the energy absorbed by a 0.002- 
in. radial clearance joint. The extension before rupture 
between the faying surfaces separated by 0.008 in. is 
about 0.006 in. The fillet on such a joint will stretch 
about 0.050 in. before rupture. Thus it is evident that 
the influence of the fillet will largely obscure the improve- 
ment in impact strength of the joint due to increase of 
clearance. 


Lap 


The influence of the amount of overlap on the impact 
and tensile strengths of silver-brazed joints may be seen 
by examining items 1, 2 and 3 of Tables 1 and 2. These 
data indicate somewhat of a decrease of unit tensile 
Strength in shear with an increase in lap. The unit 


strength of the 0.125-in. lap is especially high. However, 


the strength values for the 0.250- and 0.375-in. laps are 
quite normal. Our experience indicates that the unit 
Strength values for larger specimens with a 0.625-in. 
lap and a shear area of 3.14 sq. in. fall in the same range 
of values as those with 0.250- and 0.375-in. laps, i.e., 
38,000 to 42,000 psi. These unit strength values are 
somewhat above those previously found by others,* 
32,000 to 33,000 psi., for the same brazing alloy. 


* lron Age, 156 (7), 54-55 (1945). 
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The energy absorbed in impact specimens per unit area 
is about the same for the 0.125- and 0.250-in. laps. There 
is a definite and real increase in energy absorption, how- 
ever, when the lap is increased to 0.375 in. The reason 
for this increase is thus far obscure, but the wiping ac- 
tion taking place during joint separation after fracture 
will influence the total energy absorption to some extent. 
More data are required for a fully adequate interpreta- 
tion of this effect. 

Table 3 presents impact tensile and tensile strength 
data relative to the tubular bar steel specimens of two 
different analyses and sizes comparable to those used for 
the brazed joint tests. These data afford comparison 
between joint strengths and material strengths and for 
use in discussing design problems. For the first two items 
of Table 3 it will be noted that the solid bar exhibited 
more ductility than the tubular material and thus more 
energy was absorbed in fracturing the bar than the tube. 
Items 3 and 4 indicate the influence of hardness on the 
energy absorbed by the steel and, as may be expected, 
the harder the steel, the less was the elongation for frac- 
ture and consequently the less was the energy absorbed. 

After brazing by an experienced operator, whether ac- 
complished by torch or induction heating, the Rockwell 
hardness of the specimen components at the edge of the 


* ACTUAL OBSERVATIONS 
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joint was C35 for the E 4337 steel and C38 for the carbon 
tool steel. These hardness figures will vary from speci- 
men to specimen by +2. 


Joint Design 


In designing silver-brazed joints it is of importance 
to note that within the joint, i.e., the overlapping parts 
of the steel components and the included film of silver- 
brazing alloy, there is little elastic or plastic elongation 
under tensile loadings. The maximum displacement 
which will take place within the silver alloy portion of a 
joint which is subjected to tension loads will be about 
0.006 in. The elongation occurring in the steel portion 
of tubular lap joints subjected to tensile loadings is small 
because unit stresses within the joints are smaller than 
the unit stresses in the portion of the joint components 
outside of the joint. In compression members, the stiff- 
ness throughout the extent of the joint will usually be 
greater than the stiffness of that portion of either of the 
components adjacent to the joint. In any event, the im- 
portance of the stiffness factor will need be determined 
in each case. For static tensile loading of brazed joints 
made from chromium-nickel-molybdenum constructional 
steels in the 0.30 to 0.40% carbon range which are heat 
treated to not less than C40 Rockwell hardness before 
brazing, it has been found that the ratio of shear area in 
the joint to the cross-section area of the lightest steel 
component of the joint should not exceed 3.5. It has 
been found, with correct design and fabrication, that 
filleted joints can be consistently produced which will 
develop unit shear strengths of 35,000 psi. when sub- 
jected to tension loading. For joints in members that 
are to transmit impact loads in tension with an accom- 
panying absorption of energy in the joint, the fundamen- 
tal concepts of joint behavior under such loadings are 
the same as those for static loading. 

A tubular lap joint will transmit to that part of a 
structure remote from the joint more energy than will 


an equivalent length of either of the component meimbers 
of the joint because the energy absorbed is proportiona| 
to the elongation. With properly designed and brazeq 
filleted joints, it has been found that joints can be con. 
sistently made which will transmit energy up to 100 ft. 
Ib. per square inch of faying surface applied under jn. 
pact tension conditions of loading. 


Recapitulation 


1. Generous silver-alloy fillets are an important part 
of any brazed joint provided the joint is otherwise prop. 
erly designed and brazed. 

2. Radial clearances between 0.002 and 0.008 in. do 
not significantly affect the strength of silver-brazed joints 
if the joint is properly designed and brazed. 

3. The static tensile and the impact strength of 
brazed joints in shear is approximately proportional to 
the area between the faying surfaces of the joint compo- 
nents. The tests indicate the unit strength of such joints 
may be considered to be 35,000 psi., while the unit energy 
absorption in impact shear may be considered to be 100 
ft.-Ib. per square inch. 

4. The hardness of heat-treated E 4337 brazed speci- 
mens at the critical section at the edges of the joint will 
be Rockwell C35 +2 on properly brazed joints. 

5. In design work it is important to note that within 
a silver-brazed joint there is little plastic or elastic elonga- 
tion compared with the joint components outside of the 
joint. 
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Table 2—Impact—Tensile and Tensi’e Properties of Steel 
-—— Impact Tensile Properties 


Mean Mean Ft. 


Ft. Lb. Lb./Sq. In. 
Absorbed Absorbed 
Rockwell “‘C’’ for for 
Specimen Hardness Fracture Fracture 
4).280-in. round bar 15-16 189 3073 
0.350-in. O.D. X 

0.070-in. wall tube 15-16 175 2835 
0.280-in. round bar 17-18 153 2522 
0.280-in. round bar 30-31 106 1748 


Tensile Properties 


Mean % 

Total Tensile % Elong. Reduction 
Elong., In. Strength, Psi. in 2 In. in Area 

0.356 98,250 10.5 57.5 

0.328 98,000 8.8 42.5 

0.238 

0.128 


The first two items were made from A4140 and the energy was absorbed over a 2-in. gage length. 


The last two items were made of NE 8630, and were brazed specimens that failed outside of the joint, thus the length of the specimen 


over which the energy was absorbed is not accurately known but was the same for each of these specimens. 


The cross-sectional area of all specimens was identical. 


WELDING RESEARCH SUPPLEMENT 


43 
aps 
> 4 
tg 
= 
Boa 
& 
alt 
in 
mi 
dil 
n¢ 
he 
if 
at 
te 
ty 
F 
¥ 
I 
‘ 
. 


THE ENGINEERING FOUNDATION 


Welding Research Council 


Sponsored by the American Welding Society and American Institute of Electrical Engineers 


Supplement to the Journal of the American Welding Society, April, 1946 


Electric Resistance Brazing Struc- 
tural Aluminum Alloys 


Electric Resistance Bonding of Low-Melting Alloys 
Electroplated and Sprayed on Structural 


Preface 


This report is pertinent to the project designated hy the Office of 
Production Research and Development of the War Production 
Board Research Project 756 (WPB Contract 193). 


Summary 


LL electrobrazed joints, using indium, tin, zinc, 
cadmium, 91% tin-9% zinc solder, 60% zinc— 
40% cadmium solder, and 5% silicon—-95% 
aluminum brazing alloy, were so weak and so brittle as 
to be unsatisfactory for producing high-strength joints 
in structural aluminum alloys. Hence, such joints 
must be reinforced by spot or seam welding. Little 
difference in shear strength was observed with surfaces 
properly coated by electroplating or by metal spraying. 

Unless the sprayed metal deposit was firmly adherent, 
no satisfactory electrobrazed bond could be made. Ad- 
herent metal-sprayed coatings of the low-melting metals 
and alloys on the smooth surfaces of structural aluminum 
alloys can be produced by preheating. Two types of ad- 
herent deposits were observed for tin and the two solders. 
At low preheat temperatures the deposit was rough 
whereas at slightly higher temperatures the deposit be- 
came smooth. Only rough adherent deposits were ob- 
tained for cadmium, zinc and the 5% silicon—95% alumi- 
num brazing alloy. 

Indium definitely lowered the shear strength of elec- 
trobrazed aluminum spot welds. Tin and the 91% tin- 
9% zine solder somewhat lowered the strength, while 
cadmium, zine and the 60% zinc-40% cadmium solder 
somewhat raised the strength of electrobrazed joints. 

Intermittent seam welding, in which the wheel stops 
during and for a short interval after welding, was es- 
sential for the production of mechanically sound elec- 
trobrazed joints. Although the sealing of lap joints in 
structural aluminum alloys is possible, the process is 
rir: —_— because of the brittleness of the resulting 

nd. 


* Final Report to the Office of Production Research and Development, War 
roduction Board, Washington, D. C., WPB Contract 193, September 1945. 
t Welding Lab., Rensselaer Polytechnic Institute, Troy, N. Y. 
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Introduction 


The present investigation was undertaken to study the 
possibilities of electric resistance continuous bonding of 
high-strength aluminum alloys. It was considered that 
an electric resistance brazing operation might be su- 
perior to seam welding from the standpoint of power re- 
quirements and metallurgical damage to the structural 
aluminum alloy. It was also considered that sealing 
ofa lap joint in structural aluminum alloys by means of 
low-melting temperature metals might be superior to the 
use of plastic compounds or resin bonding from the stand- 
point of durability or ease of application. Aircraft 
fabricators indicated an interest in this type of joint in 
order to obtain higher joint efficiency than is possible 
with spot welding, and at the same time to accomplish 
air or liquid sealing required by pressurizing of cabins 
and storage of fuel or lubricating oils. 

The structural alloys of aluminum are subject to loss 
of mechanical properties due to overaging at tempera- 
tures far below those presently required for aluminum 
brazing. The melting temperature for the standard 
aluminum-silicon brazing alloy is 1080° F. which is suf- 
ficiently below the melting point of pure aluminum or 
of the low-strength aluminum alloys to permit furnace 
brazing. On the other hand, the 24S-T alloy has a 
eutectic melting temperature of 936° F. and will be 
seriously damaged by overaging if subjected to a tem- 
perature of 500° F. maintained for a period of 2 min. 
The 75S-T alloy is more favorable in this respect since 
no eutectic is present and the overaging 2-min. tempera- 
ture limit is approximately 990° F. The only other 
available brazing alloy, aluminum-silicon-zinc, has a 
melting temperature of 1040° F. which is not sufficiently 
lower in melting point than the silicon brazing alloy. 

In addition to the unfavorably high melting tempera- 
ture of the silicon brazihg alloy, when considered for use 
with the structural aluminum alloy, there exists a fur- 
ther complicating factor in the matter of applying the 
brazing alloy to the structural aluminum sheet surface. 
Whereas the silicon brazing alloys are usually rolled on 
the surface of 2S or 3S for furnace brazing, representa- 
tives of the Aluminum Co. have indicated that it would 
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not be feasible to obtain large quantities of 24S or 75S 
clad with the brazing alloy. It appears that bonding of 
the brazing alloy is difficult on these high-strength alloys. 
In view of the impracticability of obtaining rolled-on 
brazing alloys, it would be necessary to apply the braz- 
ing alloy either by metal spraying or by sandwiching of 
thin foils. 

In view of the difficulty which appeared to be asso- 
ciated with the use of standard brazing materials on high- 
strength aluminum alloys, it seemed desirable to in- 
vestigate the bonding of alloy sheets which had pre- 
viously been surfaced with thin coatings of low-melting 
metals and alloys. The low-melting metals which 
seemed to have possibilities for this purpose were zinc, 
cadmium, tin and indium. Alloys which might be used 
for surfacing would include the two standard aluminum 
solders, 91% tin-9% zinc, and 60% zinc-40% cadmium. 
Although under certain moisture conditions, the alumi- 
num solders are not considered to make a permanent 
type of bond, their use in connection with electric resist- 
ance bonding was considered worthy of study. 

In order to apply the above materials to the clad sur- 
faces of the high-strength alloys 24S and 75S, it was 
proposed to use either or both of the following methods: 


1. Electroplating. 
2. Metal spraying. 


A considerable body of experience had already been 

acquired in this laboratory as to proper methods of 
electroplating to insure high-strength bonds. New in- 
formation on this subject was made available by the 
Aluminum Co. 
' Although metal spraying was not originally considered 
for this application since it was thought necessary to 
roughen the surface to obtain a satisfactory bond, in- 
formation obtained from the Aluminum Co. indicated 
that good adhesion to a smooth aluminum surface by 
sprayed metal could be obtained by preheating the sur- 
face to a temperature of approximately 500° F. Al- 
though this temperature might be detrimental to the 24S 
alloy, it would not be harmful to the higher strength 75S 
alloy. Even if good adhesion was not obtained as a re- 
sult of spraying, the subsequent electric resistance heat- 
ing might form a satisfactory bond. 

Another possible method of applying low-melting 
metals and alloys would be to sandwich thin strips of the 
material between the surfaces to be joined by electric 
resistance heating. Sandwiching had previously been 
tried on a dissimilar alloy application in this laboratory 
without much satisfaction, owing to the necessity of 
making two different alloy bonds with the inner surfaces 
of the metals to be joined. It was planned that this 
type of joining operation should be briefly investigated. 
However, time did not permit, within the scope of the 

resent investigation, a study of the use of thin metal 
oils. 

The use of low-melting metals and alloys mentioned 
above will introduce possible corrosion difficulties. It 
was expected that these would have to be investigated 
for those joints which showed best promise from the 
standpoint of mechanical properties and ease of produc- 
tion. If serious corrosion difficulties arose as a result of 
using these metals, it might be necessary to use metal 
spraying of pure aluminum, painting or plastic com- 
pounds for sealing the edges of the joint. 

Another avenue of approach to the bonding of struc- 
tural aluminum alloys which was investigated in this 
program, in spite of the unfavorably high melting tem- 
perature, was the metal spraying of the 5% silicon—95% 
aluminum brazing alloy. The silicon brazing alloys 
have the desirable characteristic that their corrosion re- 
sistance is entirely satisfactory in the presence of pure 
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aluminum. A further favorable possibility is introduced 
by’the use of short-time electric resistance bonding. 4, 
mentioned above, the possibility of success with brazing 


alloys is considerably greater with 75S-T than with 
248S-T. 


Material 


For the preliminary study of electrobrazing by means 
of spot welding, 0.040-in. Alclad 24S-T was used. Both 
0.040-in. Alclad 24S-T and 75S-T were used for the elec. 
trobrazing study employing seam welding. 

The following materials were used in wire form, diam. 
eter 0.057 in., for metal spraying; cadmium, zinc, 
tin, indium, 91% tin-9% zine solder 60% zinc 40% 
cadmium solder and 5% silicon—95% aluminum brazing 
alloy. The solders were obtained in larger diameters, 
swaged to 0.063 in. diameter, annealed and drawn to 
0.057 in. 


Equipment 


Spot welding was performed on a Thomson-Gibb 
200-kva. spot welder. Seam-welding experiments were 
carried out on a Federal 175-kva. machine. 

A Metco Metallizing Gun, Type 2E, was used for 
metal-spraying experiments. This equipment was con- 
signed to the Welding Laboratory at Rensselaer Poly- 
technic Institute for this program by the Metallizing 
Engineering Co. The spray gun was mounted on an 
Oxweld flame-cutting carriage to provide for horizontal 
movement. 

Rapid temperature measurements in connection with 
metal spraying were made with a Model 721 Weston 
Photoelectric Potentiometer connected to a _ 10-ma. 
Esterline-Angus Sensitive Recording Milliammeter. By 
use of a 50-mv. range standard in the potentiometer, 
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Fig. 1—Photograph of Metal-Spraying Equipment 
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Since the surface treatment (steps 


TIN SPRAYED 


3, 4, 5 and 6) recommended by Alcoa 
resulted in nonconsistent, high-surface 


plating would be limited to one side. 


0.040" ALCLAD 24S-T resistances, the hydrofluosilicie acid 
TORGH PREHEAT Se « solution described under Preparation 
= Stock was used. After this sur- 
5. i immersion treatment (step 7), the 
temperature 934 specimens were coated on one side with 

> = 525°F. a stop-off lacquer, so that electro- 
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Fig. 2—Typical Temperature Record of Spraying Tin on 0.040-In. Alclad 24S-T Using 


Torch Preheating Technique 


the full scale reading of the recording milliammeter cor- 
responded to 50-mv. thermocouple electromotive force. 

Tensile tests were performed with Templin grips on a 
Southwark-Emery hydraulic testing machine with a 
testing rate of 0.06 in. per minute. 


Procedure for Applying Bonding Materials 


Preparation of Stock 


Aluminum alloys were sheared to */,- x 4-in. specimens 
for spot-welding experiments and 12- x 4-in. specimens 
for seam-welding experiments. After deburring, these 
specimens were cleaned by an acetone wipe followed by 
vapor degreasing in trichloroethylene. 

Surface treatment prior to electroplating or spraying 
was accomplished with a hydrofluosilicic acid solution. 
This solution contained 3% of 28% hydrofluosilicic acid 
by volume and 0.1 weight per cent of Nacconol NR, a 
wetting agent.1 The treatment consisted of an 8-min. 
immersion at room temperature followed by a water 
rinse and an air dry. 


Electroplating Techniques 


The following steps were recommended by the Alumi- 
num Co. for electroplating on aluminum.’ 


1. Degrease. 

2. Water rinse. 

3. Acid pickle—1-—5 min. at 150° F. 
Chromium trioxide—25 gm./liter. 
Sulphuric acid—180 gm./liter. 


4. Water rinse. 

5. Nitric acid dip—10-15 sec. 

6. Water rinse. 

7. Zinc immersion—2-5 min. 
Zinc oxide—100 gm./liter. 
Sodium hydroxide—525 gm./ 

liter. 


8. Double water rinse. 
9. Copper plate—5 min. at 24 
amp./ft.? 
Cuprous cyanide—41 gm./ 
liter. 
Sodium gm. 
/liter. 
Sodium carbonate—30 gm./ 
liter. 
Rochelle salts—60 gm./ 
liter. 
10. Water rinse. 
Standard plate. 
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BRAZING OF ALUMINUM ALLOYS 


After plating, the lacquer was re- 
moved by acetone. After removal of 
lacquer, the surface resistance was 
still satisfactorily low. 

Corresponding to step 11 of the 
Alcoa recommendations, adherent 
coatings of zinc, cadmium, tin and 
indium were produced by the fol- 
lowing techniques. Various thicknesses of plates from 
‘/, to 1 one-thousandth inch on the aluminum were 
made by variation of the plating time. 

Zinc Plating.—The zinc plating bath*® was of the al- 
kaline cyanide type and consisted of : 


Zinc oxide—45 gm. /liter. 
Sodium cyanide—74 gm. /liter. 
Sodium hydroxide—15 gm./liter. 


This bath was operated at 115° F. with a cathode cur- 
rent density of 15 amp. per square foot. 

Cadmium Plating.—The cadmium plating bath’ was 
of the alkaline cyanide type and consisted of: 


Cadmium oxide—32 gm. /liter. 
Sodium cyanide—75 gm. /liter. 


It was operated at room temperature with a current 
density of 40 amp. per square foot. 

Tin Plating.—A sodium stannate bath‘ was used and 
consisted of : 


Sodium stannate—75 gm./liter. 

Sodium hydroxide—6 gm. /liter. 

Sodium acetate—12 gm./liter. 

Hydrogen peroxide 3°,—4 ml. /liter. 
This bath operated satisfactorily under the following 
conditions: 

Bath temperature—165° F. 


Anode current density—25 amp. per square foot. 
Cathode current density—25 amp. per square foot. 


Indium Plating. —The indium plating bath was of the 
cyanide type and was supplied by the Indium Corp. of 
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Fig. 3—Photomicrograph, 500 X, of Zinc-Sprayed Alclad 24S-T Etched Lightly with 


Keller's Reagent, Lightly Repolished 
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0.040" ALCLAD 24S-T } 
CHEMICALLY TREATED 


soo} 


WITHOUT BRAZING ALLOYS 
j 
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Fig. 4—Relationship Between Shear Strength and Area of Alumi- 
num Alloy Fusion for Chemically Treated 0.040-In. Alclad 
24S-T Without Brazing Alloys 


America. ‘It was operated at room temperature with a 
steel anode and with a cathode current density of 30 
amp. per square foot. 
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Fig. 5—Relationship Between Shear Strength and Area of Alumi- 
num Alloy Fusion for Indium-Plated 0.040-In. Alclad 24S-T 
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Fig. 6—Relationship Between Shear Strengthand Area of Alumi- 
num Alloy Fusion for Tin-Plated 0.040-In. Alclad 24S.T 


Metal-Spraying Techniques 


Metal spraying on aluminum of zinc, cadmium, tin, 
indium, 91% tin-9% zinc aluminum solder, 60% zinc— 
40% cadmium aluminum solder, and 5% silicon-95% 
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aluminum brazing alloy resulted in nonadherent coatings 
unless preheating was employed. Sprayed coatings were 
tested for adherence by bending around a */,,-in. dia- 
meter rod. Satisfactory coatings would not flake off 
under this test. 
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num Alloy Fusion for Zinc-Sprayed 0.040-In. Alclad 24S-T 


BRAZING OF ALUMINUM ALLOYS 


Two types of preheating were investigated. In one, 
the specimens were placed on a rack heated by electric 
resistance, and in the other, the specimens were heated 
by an oxyacetylene torch moving with the metal-spray- 
ing gun. Although both types of preheating were 
equally effective in producing adherent coatings, the 
torch method of preheating subjected the aluminum 
specimens to a much shorter exposure to high tempera- 
ture. In addition, with the electric resistance heating 
rack, higher preheat temperatures were required, owing 
to the cooling effect of the gun blast. Since the 24S-T 
is seriously damaged by overaging if subjected to 500° F. 
for 2 mins., the torch preheating technique was adopted 
for sample preparation. As shown in Fig. 1, the torch 
is placed slightly ahead of the spray gun in the direction 
of travel. The angle of the torch is adjusted so that the 
maximum temperature is developed at the point of im- 
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Fig. 10—Relationship Between Shear Strength and Area of 
Aluminum Alloy Fusion for — 0.040-In. Alclad 


pingement of the sprayed metal. The value of the maxi- 
mum temperature can be adjusted by the size of the 
torch, the torch-specimen distance and the gas pressures. 
Temperature measurements were made with 0.010-in. 
chromel-alumel thermocouples flash welded to the speci- 
mens. A typical temperature record of a preheating run 
is shown in Fig. 2. The chronograph record at the bot- 
tom of the chart was used to calculate travel speed and 
to indicate the time of impingement of sprayed metal. 


Metal Spraying Results 


When metal spraying was conducted at room tempera- 
ture, it was found that the temperature of the aluminum 
surface rose to 225-250° F. However, when specimens 
were preheated to 600° F. by the electric resistance rack, 
the blast from the spray gun cooled the surface to ap- 
proximately 400° F. at the time of impingement. 
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When using either preheating technique with tin, 91% 
tin-9% zinc, and 60% zinc-40% cadmium, two types of 
deposit with good adhesion were observed on preheated 
aluminum, rough and smooth. With the torch preheat, 
for example, when tin was sprayed, good adhesion of a 
rough deposit on a smooth aluminum surface began 
when the surfaces had been preheated to 450° F. When 
a slightly higher preheat temperature of 475° F. was em- 
ployed, the deposit became smooth. These data, to- 
gether with melting points and corresponding data for 
other metals and alloys, are shown in Table 1. When 
spraying the higher melting point metals, zinc, cadmium 
and the 5% silicon-95% aluminum brazing alloy, ad- 
herent deposit could be obtained but not smooth de- 
posits. 


Table | 
Minimum Preheat 
Temperature, ° F. 
For 
Melting Point, For Smooth 
Metal or Alloy at > Adhesion Deposit 
Tin 450 450 * 475 
Cadmium 610 685 bys 
Zinc 787 720 
91% Tin 390 (eutectic) 475 520 
9% Zinc 
60% Zinc 511 oe 575 650 
40% Cadmium 650 (liquidus) 
5% Silicon 1071 (eutectic) 1000 
95% Aluminum 1080 (liquidus) 
(Brazing alloy) 


Figure 3, a photomicrograph at 500 X, shows the 
structure of zinc sprayed on Alclad 24S-T with a pre- 
heat temperature of 740° F. The sample was lightly 
etched with Keller’s Reagent and lightly repolished. 
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The white area in the photomicrograph is the aluminum 
cladding. Close inspection of the zinc coating reveals a 
continuous dendritic structure indicative of solidification 
from the molten state, rather than the usual folded layer 
type structure of sprayed metals. 

When spraying with indium, the low melting point and 
low strength of the metal made it difficult to obtain satis- 
factory deposits The metal tended to melt back into 
the spray nozzle and was emitted in a series of blasts 
rather than continuously. The softness of the metal 
also caused it to jam frequently in the feed rolls. 

Specimens were prepared with smooth adherent coat- 
ings of 0.001 in. for tin, 91% tin-9% zinc and 60% 
zinc-40% cadmium and adherent coatings of 0.001 in. 
for zinc, cadmium and 5% silicon—95% aluminum braz- 
ing alloy. These specimens were sprayed under the 
following conditions: 

Metco spray gun—Type 2E. 

Air cap and wire nozzle size—No. 15. 

Air pressure—60 psi. 

Acetylene pressure—16 psi. 

Oxygen pressure—-17 psi. 

Wire feed—24 in. per minute. 

Travel speed—55 in. per minute. 

Spray gun—specimen distance—4 in. 

The preheating was done under the following condi- 
tions: 


Oxweld W-17 blowpipe— No. 10 tip. 
Torch—specimen distance—1'/; in. 
Acetylene pressure—2 psi. 

Oxygen pressure—from 24 psi. (preheat temp. 475° 

F.) to 34 psi. (preheat temp. 720° F.). 

The surface resistance of the unsprayed sides was little 
affected by the preheating. For example, with a pre- 
heat temperature of 720° F., the contact resistance was 
increased from 5 microhms to 8 microhms. 
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Fig. 13—Relationship Between Shear Strength and Area of 
Aluminum Alloy Fusion for 60% Zinc-40% Cadmium-Sprayed 
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Procedure for Electric Resistance 
Brazing 


Elkaloy A electrodes with 4-in. ra- 
dius domes were used in spot welding 
since flat electrodes caused objection- 
able extrusion of the low-melting 
point brazing materials to the peri- 
phery of the weld. With seam weld- 
ing the 5-in. radius wheel was dressed 
to a 4 in. radius in the lateral direc- 
tion, which was 0.20 in. wide. 

The electrode force, 600 Ib. in both 
spot welding and seam welding, was 
approximately the lowest value that 
would result in consistent welds. 
High values of electrode force caused 
considerable extrusion of brazing ma- 
terials. 

Since seam welding would be the 
final application of this investigation, 
the shortest satisfactory welding time 
would be of greatest interest. For- 
tunately, little difference was noted 
in electrobrazed spot welds when the 
brazing time was changed from 8 
cycles to 3 cycles. Both spot and 
seam welding were therefore investi- 
gated with 3-cycle timing, the off 
time being varied in the seam weld- 
ing to obtain the proper spot spacing 
with a wheel speed of 85 in. per 
minute. Intermittent seam welds 
were also made, in which the wheel 
stopped revolving during the making 
of the weld and for a brief interval 
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thereafter to permit undisturbed _ solidification. 

Current was varied by phase control between the 
value which just gave a bond and that which gave 90% 
penetration in the aluminum alloy sheets, corresponding 
to values of secondary current from 17,000 to 25,000 
amperes. 


Results—Electrobrazed Spot-Welded Specimens 


The relationship between shear strength and area of 
aluminum alloy fusion for spot welds in chemically 
treated 0.040-in. Alclad 24S-T when brazing alloys were 
not used, is shown in Fig. 4. The usual recommended 
diameters for this gage material are in the range 0.15- 
0.17 in. 


Indium.—The effect of indium, plated in various thick- 
nesses, on the shear strength of electrobrazed spot welds 
is shown in Fig. 5. The spot weld curve is the curve de- 
rived from Fig. 4. The alloying of indium with alumi- 
num definitely lowered the shear strength particularly 
with the thicker plates. 


Tin.—The effect of plated tin on the shear strength of 
spot welds is shown in Fig. 6. It is to be noticed that tin 
tended to lower the strength although the results were 
somewhat erratic. Welds with small aluminum alloy 
fusion were quite brittle. As shown in Fig. 7, the effect 
of sprayed tin is similar to that of the plated tin. 

Zinc.—The effect of plated zinc, as shown in Fig. 8, 
was to raise the shear strength of spot welds, for alumi- 
num weld diameters up to 0.15 in. These welds were 
rather brittle, however, when only small amounts of the 
aluminum alloy were fused. The results with sprayed 


Fig. 14—Photograph Showing Enlarged View of Fractured Electrobrazed Seam 
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zine, Fig. 9, were similar to that experienced with the 
plated specimens, 

Cadmium.—Plated cadmium specimens, Fig. 10, ex- 
hibited somewhat higher shear strengths than aluminum 
spot welds. As with zinc and tin, however, the welds 
were brittle when the aluminum alloy fusion was small. 
The effect of sprayed cadmium, as shown in Fig. 11, was 
similar to the plated metal. 

91% Tin-9% Zinc Solder.—The sprayed 91% tin-9% 
zine alloy somewhat lowered the shear strength of spot 
welds as shown in Fig. 12. Unless considerable fusion 
had been produced in the aluminum alloy, the welds 
were brittle. 

60% Zinc-40% Cadmium Solder.—Sprayed coatings 
of the 60% zinc-40% cadmium alloy, Fig. 13, exhibited 
results similar to that of sprayed zinc or cadmium. 
These welds, as with the other brazing materials inves- 


tigated, were brittle when limited aluminum alloy fusion 
had been produced. 


Results—Electrobrazed Seam-Welded Specimens 


Specimens of Alclad 24S-T and Alclad 75S-T plated with 
zine and cadmium and sprayed with tin, zinc, cadmium, 
91% tin-9% zine solder, 60% zinc40% cadmium 
solder, and 5% silicon—95% aluminum brazing alloy 
were seam welded under various conditions. Even with 
the slowest wheel speed possible on the equipment, 85 
in. per minute, the electrobrazed portions of the welds 
would fail during the welding operation. This indicated 
that insufficient time was available for the undisturbed 
solidification of the brazing material. 

Intermittent seam welds, in which the wheel stopped 
revolving during the welding operation and for a brief 
interval thereafter, resulted in mechanically sound elec- 
trobrazed joints. In all cases, however, the electro- 
brazed portions of the welds were brittle and failed if 
the sheets were elastically deformed by bending or twist- 
ing. Moreover, unless extensive fusion had taken place 
in the aluminum alloy, the resulting weld would similarly 
fail. 

A portion of a fractured specimen of typical electro- 
brazed seam welds using zinc-sprayed Alclad 75S-T is 
shown enlarged in Fig. 14. In making a joint of this 
type it is not necessary to produce overlapping welds, if 
the brazing material can be relied upon for sealing the 
joint. This would result in less power demand and less 
tendency to overage the aluminum alloy. However, 
the low-melting materials studied in this investigation 
produced such brittle bonds as to be unreliable for per- 
manent sealing of the joints. 


Conclusions 


1. All electrobrazed joints, using the low-melting 
metals and alloys studied in this investigation, were 
weak and so brittle as to be unsatisfactory for producing 
high-strength joints in structural aluminum alloys 
Hence, such joints must be reinforced by spot or seam 
welding. 

2. The application of low-melting metals by elec. 
troplating did not result in a high-strength electrobrazeq 
bond for any of the thicknesses investigated. 

3. In single-spot electrobrazed specimens, little dif- 
ference in shear strength was observed with surfaces 
properly coated by electroplating or by metal spraying. 

4. Unless the metal-sprayed deposit was adherent, no 
satisfactory electrobrazed bond could be made. 

5. Adherent metal-sprayed coatings of zinc, cad- 
mium, tin, 91% tin-9% zine solder, 60% zinc-40% cad- 
mium solder, and 5% silicon~95% aluminum brazing 
alloy on the smooth surfaces of structural aluminum 
alloys can be produced by preheating. 

6. Two types of adherent metal-sprayed deposits 
were observed for tin and the two solders. At low pre- 
heat temperatures the deposit was rough whereas at 
slightly higher temperatures the deposit became smooth. 

7. Only rough adherent deposits were obtained for 
sprayed cadmium, zinc and the 5% silicon—95% alumi- 
num brazing alloy. 

8. Indium definitely lowered the shear strength of 
electrobrazed aluminum spot welds. 

9. Tin and the 91% tin-9% zinc solder somewhat 
lowered the shear strength of electrobrazed joints. 

10. Cadmium, zinc and the 60% zinc-40% cadmium 
solder somewhat raised the shear strength of electro- 
brazed spot welds. 

11. Intermittent seam welding, in which the wheel 
stops during and for a brief interval after welding, was 
essential for the production of mechanically sound elec- 
trobrazed joints. 

12. Although the sealing of lap joints in structural 
aluminum alloys by means of low-melting metals and 
alloys is possible, the process is not feasible because of the 
brittleness of the resulting bond. 
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Some Observations of Spot-Weld 
Consistency in Aluminum Alloys 


By W. F. Hess,' R. A. Wyant,t B. L. Averbach‘ and F. J. Winsor’ 


Introduction 


weld consistency, which have been made in the 

course of the aircraft spot-welding research pro- 
gram. The expression, “spot-weld consistency,” can 
apply to several weld characteristics, such as, strength, 
shape and degree of freedom from cracks. In this report 
the expression applies only to shear strength, unless 
otherwise specified. Weld consistency may be affected 
by the following factors: 


[i report describes some observations of spot- 


1. Performance of welding equipment. 

2. Maintenance and method of operation of welding 
machine. 

3. Surface condition. 

4. Shape and condition of electrode tips. 

5. Precision of testing methods. 


The first requisite for consistency is reliable operation 
of the welding equipment with respect to current and 
pressure. The next most important factor affecting con- 
sistency is the magnitude of the welding current, or the 
point of operation on the strength-current characteristic 
for the welding conditions employed. At the lower end 
of the characteristic the consistency is very poor and dud 
welds frequently occur. As the current is increased the 
consistency rapidly improves. Another major factor is 
the uniformity of surface condition from weld to weld. 
The consistency improves as the uniformity of surface 
condition improves. Other factors affecting weld con- 
sistency are of less importance. 

Weld consistency with respect to shape of electrode 
impression and fused zone is determined by surface con- 
dition alone. Irregularities always occur when the sur- 
face treatment has not been completed and sometimes 
when the treatment has been excessive. Good control of 
the surface treating process is essential for consistency 
in this respect. Weld consistency with respect to cracks 
is primarily determined by the electrode pressure. The 
probability of getting sound crack-free welds is also 
affected by the shape and condition of the electrode tips. 

This report recommends A.S.T.M. methods for evalu- 
ating weld consistency. Before consistency can be 
evaluated, however, it is essential that accurate test 
data be available. All of the consistency data and 
observations of this report are based on the experience of 
this laboratory in the aircraft spot-welding research 


* This is the thirteenth of a series of reports prepared by the R.P.I. Welding 
Laboratory research staff on spot-welding problems, equipment and technique. 
This investigation is under the joint auspices of the N.A.C.A., the Army Air 
Corps and the Navy Bureau of Aeronautics in cooperation with the Resistance 
Welding Committee of the Welding Research Council. Other reports will be 
issued from time to time as the work progresses in order to relay the informa- 
tion to the aircraft industry as rapidly as possible. Original report submitted 
to the N.A.C.A. in June 1943. 

t Welding Lab., Rensselaer Polytechnic Institute, Troy. N. ¥. 

+ Mr. Averbach is now Research Assistant, Dept. of Metallurgy, M. I. T., 
Cambridge, Mass. 


program for the past two years. All of the welding and 
testing equipment has been described in detail in previous 
progress reports of this series. It is hoped that this re- 
port will stimulate interest in this subject which will lead 
not only to improved consistency but also to a more 
scientific method of establishing average, minimum and 
design values of weld strength. 


Methods of Evaluating Weld Consistency 


The variation in shear strength of spot welds in 
aluminum alloys makes an excellent subject for the sim- 
ple methods of statistical analysis recommended by the 
A.S.T.M. for just such a purpose.' The A.S.T.M. rec- 
ommends that for observations of a single variable the 
minimum information should consist of the average, the 
standard deviation and the number of observations. 
The standard deviation is the most useful measure of dis- 
persion for this type of data. The standard deviation of 
a series of values is defined as the square root of the 
average of the squares of the deviations of the values 
from their average. The significance of the standard 
deviation is that 68.3% of all the individual values of the 
variable will probably be found within plus or minus one 
standard deviation from the average value. Further- 
more 95.5% of the values can normally be expected 
within plus or minus two standard deviations from the 
average, and 99.7% within plus or minus three standard 
deviations. For purposes of comparison the standard 
deviation is sometimes expressed as a percentage of the 
average value. In this form it is referred to as the 
coefficient of variation. Table 1 shows the significance of 


Table 1—Significance of the Coefficient of Variation 


Percentage of Welds Normally Expected Within Specified Limits 
with Respect to the Average Weld Strength 


Limits 
with V = Coefficient of Variation, % 
Respect - 
toAv. #=% 2.5 6.0 7.5 10.0 12.5 15.0 17.5 20.0 
2.5 68.5 37.9 26.6 20.1 15.7 13.5 11.2 10.1 
5.0 95.4 68.5 49.4 38.9 30.8 26.6 22.3 20.1 
7.5 99.7 86.6 68.5 54.6 44.7 37.9 32.9 29.7 
10.0 ag 95.4 81.6 68.5 58.0 49.4 43.8 37.9 
12.5 98.8 90.5 79.2 68.5 59.6 52.9 46.6 
15.0 99.7 95.5 86.6 77.1 68.5 61.2 54.6 
17.5 ; 98.0 92.1 838.8 76.0 68.5 61.9 
20.0 99.2 95.5 89.0 81.6 74.8 68.5 
22.5 99.7 97.6 92.8 86.6 80.2 74.2 
25.0 B67 (78.7 
30.0 99.7 98.4 95.5 91.6 86.6 
35.0 99.5 98.0 95.5 92.1 
40.0 99.2 97.8 95.4 
45.0 99.7 99.0 97.5 
50.0 99.6 98.8 
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Table 2—Sample Calculation of Standard Deviation and 


Coefficient of Variation 
x = Weld x—A 

Strength, Lb. (A = 500) (x — A)? 
710 210 44,100 
580 80 6,400 
635 135 18,225 
685 185 34,225 
510 10 100 
Totals 620 103,050 
Av. 624 124 20,610 
— (124)° = —15,376 


= 5,234 
Standard deviation = ¢ = 72.4 lb. 


100 x 72.4 _ 
624 


Coefficient of variation = Cy, = 


Definitions: 
x = strength of individual weld 
A = number arbitrarily selected to simplify calculations 
n = number of welds 


X = average weld strength = ae =A+ 26-2) 


= standard deviation = — = 


— A)? — A)}? 
n = n | 


. C, = coefficient of variation = o 


the coefficient of variation in terms of the percentage of 
the total number of welds that would normally be found 
between any given limits with respect to the average 
strength. The coefficient of variation can be quickly 
calculated whenever strength data are available from 25 
or more specimens. While 100 or more specimens are to 
be preferred, 25 are frequently enough to give a fair 
indication of the consistency. Simplified methods of 
calculating the average value, the standard deviation and 
the coefficient of variation can be found in many books on 
statistical analysis. However, the A.S.7.M. Manual on 
Presentation of Data is most highly recommended for this 
purpose. In fact, further details are not included in this 
report because the A.S.T.M. manual covers the subject 
so thoroughly. For the benefit of those who cannot ob- 
tain a copy of this manual, sample calculations are shown 
in Table 2. The A.S.T.M. also recommends that, when 
the data are not obtained under completely controlled 
conditions and it is desired to give information regarding 
the effect of assignable causes, the maximum and mini- 
mum values should also be presented. Henceforth, this 
general procedure will be followed in this series of 
progress reports. 


First Requirement for Good Consistency 


Reliable operation of the welding equipment with 
respect to current and pressure, is the first requisite fo; 
good consistency. All of the equipment used in this re. 
search was kept in the best possible condition at all times 
and oscillographic records of secondary current and elec. 
trode pressure were taken at frequent intervals, As , 
result, all of the different types of equipment were found 
to be equally very consistent in performance. Good 
consistency also requires that the electrode tips be kept 
in reasonably good shape and condition, as was done 
throughout this research. Therefore, in interpreting the 
data of this report, it may be assumed that the welding 
equipment was operating with as high a degree of con- 
sistency as could be expected. 


Early Observations of Spot-Weld Consistency 


Consistency of Welds Made in Wire-Brushed Material 
Using Condenser-Discharge Equipment 


The first observations of weld consistency were made 
during the investigation of spot-weld test specimens.’ 
Up to this time all observations had been limited to about 
five specimens made at any one welding condition. To 
determine what consistency might be expected from a 
larger number of specimens two series of welds were 
made. The welding conditions and the results are 
shown in Table 3A and B. This work indicated that at 
least 30 welds could be made with a reasonable degree of 
consistency and with no trend toward any definite 
change in strength. Following this experience the in- 
vestigation of test specimens of different types and 
dimensions was undertaken. At regular intervals 
standard single-spot specimens were welded as a check 
on the consistency of welding conditions. An analysis 
of the data obtained from the single-spot control speci- 
mens is presented in Table 3C, D and E. It will be 
noted that the consistency of the welds was practically 
the same for each gage. This is evident in both the co- 
efficient of variation and the maximum percentage devia- 
tion. This experience led to the initial conclusion that a 
coefficient of variation as low as 7.5% was attainable in 
spot welding these materials under laboratory conditions. 


Consistency of One-Spot vs. Two-Spot Specimens 

It had been generally believed that two-spot test speci- 
mens exhibited greater consistency than single-spot speci- 
mens. An analysis of the data obtained from the two- 
spot specimens is presented in Table 4. It will be noted 


Table 3—Consistency Data; Wire-Brushed Material; Condenser Discharge Welder 


Av. Standard Coefficient Max. Min. 
No.of Strength, Deviation, of Variatien, Strength, Strength, Range, —Max. Deviation— 

Alloy and Gage Welds Lb. Lb. 0 Lb. Lb. b. Lb. % 
A 0.040-in. Alclad 24S-T 30 706 28 4.0 770 660 110 +64 +9.0 
B_ 0.040-in. Alclad 24S-T 30 704 50 7.1 775 610 165 —94 —13.5 
C 0.020-in. Alclad 24S-T 43 305 26 8.5 355 270 85 +50 +16.5 
D_ 0.040-in. Alclad 24S-T 46 724 48 6.6 830 615 215 —109 —15.0 
E 0.064-in. Alclad 24S-T 46 1380 95 6.9 1585 1150 435 —230 -—16.5 

Welding Conditions 
Electrode Pressure, 

Type of Welder Electrode Tips Lb. Surface Treatment 
A A.-c. '/: cycle 4-in. R. dome 1000 Wire brushed 
B Condenser discharge */, in. x 10° flat 1000 Wire brushed 
C Condenser discharge */1¢ in. x 10° flat 660 Wire brushed 
D_ Condenser discharge */, in. x 10° flat 1000 Wire brushed 
E Condenser discharge 5/1 in. x 10° flat 1500 Wire brushed 
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le 4—Consistency Data; One-Spot vs. Two- t 
Specimens 

Coefficient of Variation, %—~ 

Single-Spot Two-Spot 

Gage, In. Alloy Specimen Specimen 
0.020 Alclad 24S-T 8.5 4.7 
0.040 Alclad 24S-T 3.4 
0.064 Alclad 24S-T 6.9 3.4 
0.040 52S-!/;H 3.7 2.9 


that the coefficient of variation for the two-spot speci- 
mens was about half that for the single-spot specimens. 
This does not mean, however, that the two-spot specimen 
is superior for test purposes because the advantage in 
simplicity of the single-spot specimen outweighs the im- 
provement in consistency of test results. It is therefore 
important to standardize on the single-spot specimen if 
test results are to be comparable, 


Effect of Surface Resistance on Weld Consistency 


The next observations of weld consistency were made 
during the first investigation of surface treatment prior 
to the spot welding operation.* In an attempt to de- 
termine the effect of surface resistance on weld con- 
sistency two series of welds were made. In one series 
the material was chemically treated to obtain an average 
surface resistance of 49 microhms. In the second series 
the material was chemically treated to obtain an average 
surface resistance of 144 microhms. For the two series 
of welds the measured values of surface resistance over- 
lapped and covered a range from 10 to 415 microhms. It 
should be understood that, at that stage of the research, 
the chemical surface treatment was not under good con- 
trol and as a result, the surface resistance in the first 
series of welds was not as low and consistent as it was in- 
tended to be. In spite of this fact, the results indicated 
that, under such conditions, there is no relationship be- 
tween surface resistance and weld strength. However, 
the electrode impressions and the fractures of all welds 
made at the higher values of surface resistance were very 
irregular in shape. The welding conditions and an 
analysis of the consistency with respect to weld strength 
are shown in Table 5. It should be noted that the con- 
sistency for the chemically treated material compares 
very favorably with the data in Table 3C for wire- 
brushed stock. 

At this point a word of caution is necessary regarding 
the use of the coefficient of variation and the maximum 
percentage deviation with respect to measurements of 
surface resistance. The nature of this measurement is 
such that these factors will always be large in magnitude 
regardless of whether the material has been correctly or 
mcorrectly surface treated. The average, the maximum 
and the minimum values are of much greater significance 


w' 
ar 
<@ 
| 
WELD CONSISTENCY 
ELECTROMAGNETIC ENERGY STORAGE wELOER 
0.040" ALCLAD 245-T 
WIRE BRUSHED 
600 
| 
+ 
| 
n 
200 
w 
~ Oo 20 3 4 SO 6 70 80 9 


SERIAL NUMBER OF WELD 
Fig. 1 


in interpreting measurements of surface resistance. 


Consistency of Welds Made in Wire-Brushed Material 
with Electromagnetic Energy Storage Equipment 


In the investigation of the electromagnetic energy 
storage type of spot-welding equipment a somewhat 
more elaborate study was made of weld consistency.‘ 
A series of 100 welds was made in each of the 0.020-, 
0.040- and 0.064-in. gages of Alclad 24S-T. An analysis 
of the data so obtained is presented in Table 6. Com- 
parison of Table 6A with Table 3 shows that for the 
0.020- and 0.040-in. gages the consistency was not as good 
as when welding with the condenser discharge equip- 
ment. However, the data are too limited to warrant 
any conclusions at this time. 

One object at this stage of the research was to de- 
termine how many welds it was necessary to make to ob- 
tain an accurate measure of weld consistency with re- 
spect to strength. Table 6A indicates that, provided 
there is no pronounced trend in weld strength, 25 welds 
are sufficient. If there were a long-time trend it is 
possible that even 100 welds would not be sufficient. 
Figure 1 shows that for the 0.040-in. material there was 
no correlation between weld strength and the order in 
which the welds were made. The same was true for the 
0.020- and the 0.064-in. material. The erratic variation 
in weld strength between the minimum and maximum 
limits is not understood and it cannot be explained by 
variations in current. Oscillograms of the secondary 
current were taken on every tenth weld and the results for 
the 0.040-in. series are plotted in Fig. 1. An analysis of 
all the current measurements with respect to consistency 
is presented in Table 6B. It will be noted that the 
peak current was remarkably consistent, the standard 


Table 5—Consistency Data; Chemical Surface Treatment; Effect of Surface Resistance 


Av. Standard Coefficient Max. Min. —Max. Deviation—. 
No.of Strength, Deviation, of Variation, Strength, Strength, Range, 
Alloy and Gage Welds Lb. Lb. % Lb. Lb. Lb. Lb. % 

A 0.020-in. Alclad 24S-T 24 269 12 4.5 285 235 50 — 34 —12.6 
B 0.020-in. Alclad 24S-T 25 251 19 7.4 275 205 70 — 46 —18.3 
Welding Conditions 

Electrode Av. Surface 
Pressure, Resistance, 
Type of Welder Electrode Tips Lb. Surface Treatment Microhms 
A A--c., 1/2 cycle 4-in. R. domes 600 ‘Chemical treatment (4 min.) 49 
B A.-c., 1/3 cycle 4-in. R. domes 600 Chemicaltreatment (7 min.) 144 
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Table 6A—Consistency Data; Wire-Brushed Material; Electromagnetic Energy Storage Welder 


Av. Standard Coefficient Max. Min. —Max. Deviation 
No.of Strength, Deviation, of Variation, Strength, Strength, Range, 
Alloy and Gage Welds Lb. Lb. % Lb. Lb. Lb. Lb. % 
A 0.020-in. Alclad 24S-T 3 270 22 8.1 290 240 50 -30 -1] 
5 273 32 11.7 
7 272 28 10.3 : 
10 266 29 10.9 320 215 105 +54 420.5 
15 262 30 11.4 
20 268 36 13.4 
25 270 36 13.3 340 215 125 +70 +26 
50 285 40 14.0 
75 282 36 12.8 
100 278 33 11.9 345 175 170 -103 -37 
B_ 0.040-in. Alclad 24S-T 3 642 42 6.5 710 580 130 +68 +10.5 
5 624 72 11.5 
r 631 63 10.0 
10 650 61 9.3 
15 652 56 8.5 
20 636 74 11.6 
25 640 70 10.9 
50 652 62 9.5 
75 660 57 8.6 
100 662 60 9.1 
C 0.064-in. Alclad 24S-T 3 948 47 _ 
5.6 
5.3 
6.4 
6.3 
6.5 
6.7 
6.6 
6.8 
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Table 6B—Consistency Data; Peak Current 


Av. Standard Coefficient Max. Min. Max. Deviation 
No. of Current, Deviation, of Variation, Current, Current, Range, — 
Meas. Amp. Amp. 0 Amp. Amp. Amp. Amp. % 
A ll 23,920 250 1.0 24,400 23,500 900 +480 +2.0 
B ll 31,490 490 1.6 32,000 30,200 1800 — 1290 —4.1 
c i 43,200 650 1.5 44,300 42,200 2100 +1100 +2.5 


Electrode Tips 
4-in. R. domes 
0.20 in.x 10° fla 
0.25 in. x 10° fla 


Type of Welder 
A Electromagnetic energy storage 
B Electromagnetic energy storage 
C Electromagnetic energy storage 


Welding Conditions 


t 
t 


Electrode Pressure, 

Lb. Surface Treatment 
405/1025 Wire brushed 
445/1135 Wire brushed 
600/1570 Wire brushed 
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deviation being of about the same magnitude as the ac- 


curacy of the current measurements. The data of 
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Table 6A are also presented in the form of frequency 
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distribution charts in Figs. 2, 3 and 4. These charts 
show how the frequency distribution is affected as the 
—e of welds is increased from 25 to 100 in steps of 25 
welds. 

An examination of Table 6A shows that the average 
strength obtained from the first three welds of each 
series was a surprisingly reliable criterion of the strength 
of the entire series in spite of the inconsistency. How- 
ever, for important work five or seven welds are to be pre- 
ferred for obtaining representative data at any given 
welding condition. The average for three welds is too 
much affected if a weld of minimum or maximum strength 
happens to be included. 


Effect of Current Magnitude on Weld Consistency 


The magnitude of the welding current is by far the 
most important factor in determining the strength con- 
sistency of spot welds in this material. Weld consistency 
is very poor at the lower end of the strength-current 
characteristic for any given welding conditions. As the 
current is increased the consistency rapidly improves and 
always becomes very good toward the upper end of the 
characteristic. At this point it should be observed that 
all the data presented so far in this report were obtained 
from welds made at values of current well up on the 
strength-current characteristics. This has been evi- 
dent by the magnitude of the strengths obtained. In 
studying the effects of current wave form for spot weld- 
ing 0.020-in. Alclad 24S-T a number of strength-current 
characteristics were obtained by making 15 or more 
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Table 7—Consistency Data; Effect of Current Magnitude 


Peak Av. Standard Coefficient Max. Min. Max. Deviation 
No.of Current, Strength, Deviation, of Variation, Strength, Strength, Range, ——————__, 
Alloy and Gage Welds Amp. b. Lb % Lb. Lb. b. Lb. % 
0.020-in. Alclad 24S-T 20 29,900 114 60 52.6 185 0 185 —114 —100 
19 31,000 161 33 20.5 200 70 130 —91 -—56.5 
20 32,100 193 18 9.3 220 110 110 —83 -—43.0 
20 33,300 210 7.5 3.6 240 185 55 +30 +143 
0.020-in. Alclad 24S-T 20 24,600 71 29 40.9 110 0 110 —71 —100 
19 25,500 116 12 10.3 140 90 50 —-26 -224 
20 26,400 149 8.5 5.6 170 125 45 —24 -161 
20 27,500 164 8 5.0 180 140 40 —24 -—146 
20 28,600 163 9 5.5 180 145 35 —-18 -11.0 
15 29,600 189 7 3.8 200 180 20 +11 +5.8 
0.020-in. Alclad 24S-T 15 ee 224 10 4.6 250 210 40 +26 +11.6 
Welding Conditions 
Type of Welder Electrode Tips Electrode Pressure, Lb. Surface Treatment 
Condenser discharge 4-in. R. domes 600 Chemically treated (7 microhins) 
Condenser discharge 2'/2-in. R. domes 500 Chemically treated (6 microhms) 
Condenser discharge 4-in. R. domes 400/1170 Chemically treated (12 microhms) 


welds at each value of current investigated. Two of 
these characteristics are shown in Figs. 5 and 6. These 
curves show how the maximum-minimum range de- 
creased as the peak current increased. An analysis of 
the data is presented in Table 7A and B. The effect of 
the peak current on consistency is very evident in the 
standard deviation, the coefficient of variation and the 
maximum percentage deviation. Consistency data for 
welds made with a variable-pressure cycle are shown in 
Table 7C. The coefficient of variation of 4.6% is 
practically the same as for the constant-pressure cycle 
with which all the preceding welds were made. 

It should be noted that up to this point chemical sur- 
face treatment of 0.020-in. material appears to be 
superior to wire brushing with respect to consistency of 
weld strength. This is, of course, under carefully con- 
trolled laboratory conditions. In this gage the minimum 
coefficient of variation has been 8.5% for wire-brushed 
material. For chemically treated material it appears that 
a coefficient of variation of 5% or even less is attainable 
under proper conditions of surface treatment and weld- 
ing. 


Effect of Surface Conditions on Weld Consistency 


The earlier observations indicated that it is difficult to 
predict how surface resistance, as measured in this in- 
vestigation, will affect weld strength. In general, the 
effects of surface condition are more pronounced on such 
factors as weld shape and tip pickup. There were 
reasons to believe, however, that weld strength is affected 
by factors associated with surface condition, which are 
not revealed by the surface resistance measurement. A 
series of experiments were undertaken to prove that this 
is true. 

These experiments consisted of taking a number of 
specimens and subjecting them to a chemical surface 
treatment for different lengths of time. The solution 
employed was the No. 14 experimental solution which 
operates at room temperature. A full description of this 
solution was presented in the last progress report on this 
research. At each surface condition enough specimens 
were prepared for making five individual welds. Surface 
resistance measurements were then made on each pair 
of specimens. In each experiment one set of specimens 
was left in the untreated condition which made it neces- 
sary to wire brush the outer surfaces of all the specimens 
prior to welding. This was done to protect the electrode 
tips in welding the untreated specimens and to stand- 
ardize the outer surfaces for all faying surface condi- 
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tions. Following these preparations each pair of speci- 
mens was welded and tested for shear strength. In each 
experiment all of the specimens were welded at a con- 
stant machine setting, regardless of faying surface condi- 
tions. 

- Some results for 0.020-in. material are shown in Fig. 7. 
It will be noted that in this series of welds, the machine 
settings were such as to produce a 255-Ib. weld at the 
optimum time of surface treatment when the surface 
resistance is a minimum. As the time of treatment was 
decreased, the weld strength increased and the welds 
became much more irregular in shape as shown by the 
fractures in Fig. 8. When the time of treatment was in- 
creased beyond the optirnum in this particular experi- 
ment, the welds also increased in strength, showing, how- 
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ever, only a slight tendency to become irregular in shape 
with overtreatment. The effects of overtreatment 
appear to depend on the nature of the chemical solution 
employed and they are seldom as severe as when the time 
of treatment is less than the optimum. 


This experiment indicates that weld consistency with 
respect to strength depends much more upon the uni- 
formity of surface conditions than upon the nature of the 
condition. As an example, when stock is improperly de- 
greased so that there are effectively treated and un- 


Fig. 8—Effect of Surface Conditions on Weld Shape 


Av. Surface Av. Weld 


Surface 
Treatment Resistance, Strength, 
Time, Min. Spot-Weld Fractures Microhms Lb. 
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0.020-in. Alclad 24S-T, nitrate treated; surface treatment, No. 14 solution, 75° F.; condenser discharge 


welder; rapidly rising current, 43,100 amp. peak. 
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Table 8—Consistency of Spot-Weld Specimens with Untreated Faying Surfaces 


Av. Standard Coefficient Max. Min. Max. Deviation Time, } 
No.of Strength, Deviation, of Variation, Strength, Strength, Range —_——_, =| 
Alloy and Gage Welds Lb. Lb. % Lb. Lb. Lb. Lb. % 
A 0.020-in. Alclad 24S-T 25 254 30 11.8 300 180 120 —-74 -—29) 
B_ 0.040-in. Alclad 24S-T 25 628 76 12.1 750 525 225 +122 +195 
C 0.064-in. Alclad 24S-T 25 1149 170 14.8 1430 760 670 —389 -—33.9 0 
D 0.069-in. British Alclad 24 930 310 420. 
.069-in. Bri a) 1140 748 392 21 
DTD-275 
Welding Conditions 
Type of Welder Electrode Tips Electrode Pressure, Lb. Surface Treatment 
A Condenser discharge 4-in. R. domes ; 700 1. No treatment of faying surfaces 1/s 
2. Outer surfaces wire brushed 
B_ Condenser discharge 2'/2-in. R. domes 1200 
C Condenser discharge 2'/2-in. R. domes 2000 
D A.-c. (9 cycles) 4-in. R. domes 900 


Same, except HF paste on outer surfaces. See Ref.7 


treated areas on the same sheet, wide variations in weld 
strength may be expected. This results in a poor con- 
sistency. A surprisingly high degree of consistency can 
sometimes be obtained from specimens which have been 
untreated at the faying surface as shown by the data in 
Table 8. The average coefficient of variation was 
12.9% which is as good as is often obtained in production 
under reasonably good conditions of surface treatment. 
It should be noted, however, that all of the welds were 
very irregular in shape. From England, R. F. Tylecote 
reports data corresponding to a coefficient of 10.5% for 
an 0.069-in. Alclad alloy welded under similar condi- 
tions. 

It should be pointed out that the data for Fig. 7 was 
obtained from Alclad 24S-T material which had been 
heat treated in a nitrate bath. Corresponding data are 
shown in Fig. 9 for material heat treated in an air fur- 
nace. The latter material responds much more quickly 
to chemical methods of surface treatment. In this 
particular case its surface resistance reached a minimum 
value of 20 microhms in 2 min. time. The nitrate heat- 
treated material required 5 min. time to reach a mini- 
mum value of about 5 microhms. The reason for this 
difference in behavior is discussed at length in the last 
progress report of this series. Here, we are only inter- 
ested in the effects of the type of heat treatment of the 
metal and the degree of surface treatment on weld con- 
sistency. In the air heat-treated stock the greatest 
strength was obtained in material which was welded with 
the faying surface in the “‘as-received”’ condition. The 
strength fell off very rapidly when the material was sub- 
jected to the chemical surface treatment for only '/, 
min. In nitrate heat-treated material a surface treat- 
ment time of about 5 min. was required to produce the 
same reduction in weld strength. Figure 9 is an ex- 
cellent example of the fact that the surface resistance may 
vary within wide limits, with only a small change in weld 
strength. This is especially true of the surface resistance 
associated with overtreatment. As the time of surface 
treatment is extended beyond 8 min., the surface re- 
sistance rises to a very high value and the weld strength 
increases only slightly. Fractures of the welds in the air 
heat-treated material are shown in Fig. 10. The welds 
were very irregular in shape in the specimens which were 
not surface treated. They became much more round and 
more consistent in shape at a surface treatment time of 
only '/, min. The corresponding time for nitrate heat- 
treated stock was 5 min., as a glance at Fig. 8 will show. 
This is further evidence that air heat-treated stock re- 
sponds more quickly to chemical methods of surface 
treatment. These results indicate that, if the best con- 
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sistency is to be obtained, Alclad 24S-T material must not 
only be uniformly surface treated but also uniform with 
respect to type of heat treatment. 

The above experiments were conducted with a machine 
setting which was sufficient to produce a reasonably 
strong weld at the optimum time of surface treatment. 
The same experiments were repeated with the machine 
setting reduced to a point where only dud welds were pro- 
duced at the same condition of surface treatment. The 
results are shown in Figs. 11 and 12 for material which had 
been subjected to the two types of heat treatment. 
These figures are similar to those for the previous ma- 
chine setting and the same comments apply. 
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Fig. 10—Effect of Surface Conditions on Weld Shape 


Time, Min. Spot-Weld Fractures Microhms 
1100+ 344 
a | 203 265 
2 20 255 
249 264 

8 143 269 


0.020-in. Alclad 24S-T, air treated: surface treatment, No. 14 solution, 75° F.; condenser discharge welder; 


rapidly rising current, 43,100 amp. peak. 


Similar experiments were next run on 0.064-in. Alclad 
24S-T stock. Only nitrate heat-treated material was in- 
vestigated because the differences due to type of heat 
treatment disappear at this gage. Figure 13 shows the 
results for a machine setting which produced dud welds 
at the optimum time of surface treatment. It is inter- 
esting to note that the weld strength decreased only from 
550 to 500 Ib. through the region where the time of sur- 


face treatment was insufficient to reduce the surface re- 
sistance to its minimum value. Beyond a time of 4 min. 
the weld strength falls abruptly to zero. Figures 14 and 
15 show the results for two machine settings which pro- 
duced weld strengths of 600 and 800 Ib., respectively, at 
the optimum time of surface treatment. It is interesting 
to note that the “plateau effect’’ persists at the left-hand 
end of the strength curves. Figure 16 shows the results 
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Table 9A—Sumary of Data 
Effect of Wave Form and Type of Surface Treatment on Consistency 
Wire Brushed Chemically Treated 

Alclad Av. Coefficient Max. “aif e Av. Coefficient Max. 

24S-T Strength, of Variation, Deviation, Strength, of Variation, Deviation, 
Gage, In. Wave Form Lb. % % Lb. %, o 

0.020 Slowly rising A 365 6.7 +13.7 E 287 2.8 + 6.1 

0.040 B 493 8.9 +27.6 F 496 3.4 + 7.2 

C855 5.8 —18.1 G 566 3.5 + 7.8 

H 618 2.1 + 5.2 

0.064 Av.amp./ms., 1985 D_ 1190 6.0 —20.6 I 839 4.1 — 8.8 

Av. = 6.85 Av. = 3.2 « 7.0 

0.020 Rapidly rising J 373 6.8 —11.5 N 292 5.1 +13.2 

0.040 , K 704 11.8 +19.3 O 552 3.9 + 8.7 

“vas 7.1 +14.7 P 657 3.0 7.0 

Q 703 4.7 + 9.5 

0.064 Av.amp./ms., 7130 M 1056 7.6 —29.0 R 972 5.2 +10.2 

Av.= 8.3 +18.6 Av. = 4.4 «= 9.7 

Av.= 7.6 +19.3 Av. = 3.8 a 8.4 


for a machine setting which produced 1000-lb. welds at 
the optimum time of surface treatment. In this case the 
“plateau effect” has disappeared and the weld strength 
is fairly constant and independent of surface condition. 
This is one of several indications that weld strength 
tends to become independent of surface conditions at 
high values of welding current. It should be mentioned 
that, when the time of surface treatment was insufficient 
to reduce the resistance, the weld fractures exhibited 
only minor evidence of irregularities as compared with 
corresponding fractures of 0.020-in. welds. In Fig. 13 
all of the welds were unsatisfactory and were classified 
as duds in spite of the 500-Ib. strengths obtained. The 
fact that data for the above four figures were obtained 
with different current wave forms is not believed to be 
important for the purpose of this report. The fact that 
variations occurred in the time required to reduce the 
surface resistance to a low value was due to changes in 
concentration of the chemical solution employed for 
surface treatment. 


Chemical surface treatment persisted in giving better 
consistency than could be obtained by wire brushing the 
stock. Eighteen series of 25 welds each were made to 
confirm this observation and the data are summarized 
in Table 9A. The superiority of the chemical surface 
treatment is very noticeable in both the coefficient of 
variation and the maximum deviation. It should be 
noted that the nature of the chemical surface treatment 
was such as to leave the material with a bright mill 
finish. It will be interesting to see how consistency will 
be affected by a chemical surface treatment which leaves 
the material with a dull mat finish. Detailed informa- 
tion on the above series of welds will be found in Tables 
9B and C. 


Effect of Current Wave Form on Weld Consistency 


In the above investigation of the effects of surface con- 
ditions on consistency, two types of condenser-discharge 


Table 9B—Effect of Wave Form and Type of Surface Treatment on Consistency 


Alclad Av. Standard Coefficient Max. Min. Max. Deviation 
24S-T No. of Strength, Deviation, of Variation, Strength, Strength, Range, —- —_——__—~ 
Gage, In. Welds Lb. Lb. % Lb. Lb. Lb. Lb. J 
A 0.020 25 365 24 6.7 415 330 85 + 50 +13.7 
B_ 0.040 25 493 44 8.9 625 430 195 +132 +27.6 
C 0.040 25 855 50- 5.8 930 700 230 —155 —18.1 
D 0.064 25 1190 71 6.0 1280 945 335 —245 —20.6 
Av. = 6.85 =20.0 
E 0.020 25 287 8 2.8 305 275 30 + 18 + 6.1 
F 0.040 25 496 17 3.4 530 460 70 + 36 + 7.2 
G ae 25 566 20 3.5 610 540 70 + 44 + 7.8 
H nA 25 618 13 2.1 650 600 50 + 32 + 5.2 
I 0.064 25 839 35 4.1 910 765 145 — 74 — 8.8 
Av. = 3.2 «= 7.0 
J 0.020 25 373 25 6.8 415 330 85 — 43 —11.5 
K 0.040 25 7 83 11.8 840 570 270 +136 +19.3 
L ae 25 715 51 vem 820 650 170 +105 +14.7 
M 0.064 25 1056 80 7.6 1195 750 445 — 306 —29.0 
Av. = 8.3 +18.6 
N 0.020 25 292 15 5.1 330 270 60 + 38 +13.2 
O 0.040 25 552 22 3.9 600 515 85 + 48 + 8.7 
P oa 25 57 17 3.0 610 530 80 + 40 «= 7.0 
QD. sant 25 703 33 4.7 770 650 120 + 67 + 9.5 
R 0.064 25 972 50 5.2 1070 890 180 + 98 +10.2 
Av.= 4.4 9.7 
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wave form were studied. The two wave forms differ consistency data which have been reported in the form 
with respect to the rate of current rise, the peak value of of frequency distribution charts by other investigators. 
the current and the time during which the current is A summary of these data is shown in Table 10. Caution 
maintained near its peak value. Typical wave forms for 


welds in 0.020-in. material are shown in Fig. 17. Data = 
on all the wave forms are recorded in Table 9C. It 
should be noted that the average rate of rise for the 36 


rapidly rising wave form varied from 5170 to 8670 amp. 
per millisecond depending upon the thickness of the ma- 
terial and the welding conditions. Likewise, the 
average rate of rise for the slowly rising wave form varied 
from 1285 to 2680 amp. per millisecond. The results apo RAPIDLY RISING CURRENT 
with respect to weld consistency are summarized in 28 

Table 9A. The two wave forms are practically identical 
with respect to both the coefficient of variation and the 
maximum deviation. Therefore, it may be said, that 
within the limits of this investigation, weld consistency 
is not seriously affected by variations in the condenser 
discharge wave form. 

At the present time nothing more can be said about 
the effect of current wave form on weld consistency. At 
this laboratory no consistency data are available for the 
standard a.-c. wave form. Furthermore, the data for 
the energy-storage types of equipment are so limited 
that it is unsafe to compare the condenser discharge and 12 
electromagnetic energy storage wave forms on the basis 
of consistency. All the consistency data obtained with 
the latter equipment were probably influenced by the 8 \ 


32 


24 * 


20 


SLOWLY RISING CURRENT 


CURRENT IN KILO-AMPERES 


fact that the surfaces of the stock were prepared for 
welding by wire brushing. It has been shown that sur- N 
face preparation by wire brushing is definitely inferior . LS: 
to chemical surface treatment with respect to consistency. pees 4 

It remains to be seen what degree of consistency can be Tee Seta 
obtained with this equipment when a good method of -20 300s 40 50 60 70 
chemical surface treatment is employed under proper TIME IN MILLI-SECONDS 

control. At this point it is interesting to examine the Fig. 17 
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Table 9C—Welding Conditions 
Effect of Wave Form and Type of Surface Treatment on Consistency 
Current 
Alclad Current ” Peak Time to Av. wg Electrode Electrode 
24S-T Surface Wave Value, Peak, Rise, Tip Pressure, 
Gage, In. Treatment Form Amp. Ms. Amp./Ms. Radius, In. Lb. 
B : 18.9 1650 1200 
ae Wire baushed Slowly rising 45,500 17.0 2680 1600 
D 0.064 43,400 23.2 1870 2'/s 2000 
Av. = 1880 
E 0.020 23,800 18.5 1285 2'/s 600 
F 0.040 d 35,800 18.2 1965 2"/s 1400 
G wa Chemical #14 sol. Slowly rising 43,400 17.0 2550 4 1600 
x US 43,400 17.0 2550 4 1600 
I 0.064) 48,300 23.1 2090 2'/2 2200 
Av. = 2090 
J 0.020 . 38,500 4.5 8550 2'/2 700 
K 0.040 Wire brushed Rapidly rising 47,500 6.3 7550 2'/s 1200 
L ~s 55,000 7.6 7250 4 1600 
M 0.064 55,800 10.8 5170 21/3 2000 
Av. = 7130 
N 0.020 39,000 4.5 8670 2'/s 600 
O 0.040 , 49,500 6.3 7850 2'/s 1400 
P "see Chemical #14 sol. Rapidly rising 52,500 7.6 6900 4 1600 
ia 52,500 7.6 6900 4 1600 
R 0.064 66,500 12.3 5400 2'/s 2200 
Av. = 7130 


should be used in interpreting these data because the 


ld are produced at values of current near the lower end“of 
conditions may not have been comparable. 


the strength-current characteristic. In this particular 
case three perfectly sound welds were produced at 
29,900 amp. Contrary to expectation dud welds were 
produced when the current was raised to 32,100 amp. 
Within the experience of the investigators dud welds 
have never been observed at values of current near the 
upper end of the strength-current characteristic. In that 
region, however, there is always an irregular fluctuation 


Consistency with Respect to Repetition of Strength- 
Current Characteristics 


_ Further observations of weld consistency were made 
in the course of some experiments to determine with 


what accuracy strength-current characteristics can be 
repeated. Four characteristics obtained under identi- 
cal welding conditions but on different dates are shown 
in Fig. 18. Characteristic B is a good example of the 
erratic behavior of spot welds in this material when they 


of weld strength between minimum and maximum values. 
The data presented in Fig. 1 are a very good example of 
this fluctuation. An examination of this figure shows 
why, even at a relatively high value of current, a value 
of weld strength may be obtained, which is ‘‘out of line’ 


— 


Table 10—Summary of Consistency Data Obtained by Other Investigators 


Av. Approximate 
Date Weld Coefficient 
. of Type of Welding Surface Gage, No. of Strength, of Variation 

Investigators Report Equipment Treatment In. Specimens Lb. % 
Army Air Corps, July 1940 Alternating current NaOH 0.020 144 295 7.5 
Wright Field*® 0.037 145 550 10.6 
0.064 145 1110 7.3 
Electromagnetic energy NaOH 0.020 150 235 7.2 
storage 0.037 150 540 7.0 
0.064 150 1010 6.8 

Axtell and Ringer® February Condenser discharge Not stated 0.020 214 265 10.0* 

1941 0.038 197 720 8.0* 

0.064 160 1197 8.1° 
Army Air Corps, July 1941 Condenser discharge Oakite No. 30 0.020 141 228 7.8 
Wright Field’® 0.040 124 614 7.7 
0.064 138 1240 6.0 
Della-Vedowa and October Electromagnetic energy HF 0.020 100 257 7.1 
Rockwell"! 1942 storage 0.032 50 560 7.5 
Oakite No. 30 0.040 100 613 9.5 
0.064 100 999 10.0 
Alternating current HF 0.081 76 1608 12.3 


* Note: Data obtained from two-spot specimens. 
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Fig. 18 


with the values obtained at neighboring values of cur- 
rent. For example, if welds No. 17, 18 and 19 were 
taken as typical of the welding conditions associated with 
Fig. 1, the typical weld strength would have appeared to 
be 505 lb. On the other hand, if welds No. 28, 29 and 
30 had been selected, the typical weld strength would 
have appeared to be 735 Ib. Actually the average weld 
strength for these welding conditions was 662 1b. This is 
a very good argument for the welding of five or more 
specimens at each value of current investigated. Three 
specimens can frequently be misleading, whereas, 
five or more specimens should give a better indication of 
the presence of values of strength which are abnormally 
low or high and which should be disregarded in some 
instances. It will be noted in Fig. 18 that, at the higher 
values of current, there is reasonable agreement among 
the four characteristics with respect to weld strength. 
These observations led to speculation as to the exact 
cause of the dud welds at the lower values of current and 
the irregular fluctuation in weld strength at the higher 
values of current. Some careful studies of these phe- 
nomena are described a little later in this report. 


Effect of Electrode Condition on Weld Consistency 
with Respect to Strength and Cracks 


The information shown in Fig. 18 is a very good ex- 
ample of the erratic and unpredictable occurrence of 
cracks in Alclad 24S-T spot welds when they are made at 
the higher values of current using the constant electrode- 
be cycle. It has been shown in an earlier report 

ow this condition is affected by the proper application 
of a forging pressure before the weld solidifies.'* In this 
particular phase of the investigation all welds were 
radiographed to determine presence of internal cracks. 
In Fig. 18 (D) fine internal cracks first appeared at 33.9 
ka. in welds having a strength of 375 Ib., whereas, in 
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Fig. 18 (C) such cracks did not appear until welds hav- 
ing a strength of 530 Ib. were made at 38.6 ka. It ap- 
pears that the occurrence of cracks is a rather critical 
function of the weld size. For example, in Fig. 18 (D) 
very fine cracks appeared at random in 40% of the welds 
made at 33.9 ka. It is significant that while the sound 
welds had an average strength of 359 Ib., the cracked 
welds averaged 397 lb. in strength. This variation in 
weld strength was probably due to the fact that the elec- 
trode tips were getting dirty. At 35.6 ka. fine cracks 
appeared in each of the first 14 welds which averaged 458 
Ib. in strength. At this point the electrode tips were 
cleaned with abrasive cloth and the last 8 welds having 
an average strength of 357 Ib. were free from cracks. 
These data are summarized in Table 11. The most 
disturbing fact about these data is that the strength 
consistency was so seriously impaired by cleaning the 
tips during the welding at 35.6 ka. While this is not be- 
lieved to be typical of the effect of tip cleaning on weld 
consistency, sufficient data are not available to justify a 
final conclusion on this point. It may be said, however, 
that tip cleaning may seriously affect weld coasistency 
under some conditions. 

A somewhat different experience is represented by the 
group of characteristics shown in Fig. 19. Figure 19(A) 
confirms the previous observation of the erratic behavior 
of spot welds in this material when they are produced at 
values of current near the lower end of the strength- 
current characteristic. Again, fine cracks appeared at a 
much lower value of current in Fig. 19 (C) than in Fig. 
19 (B). An analysis of the data pertaining to Fig. 
19 (C) is presented in Table 12. Again in this case, at 
each value of current the average strength of the cracked 
welds was from 2 to 10% higher than the strength of the 
sound welds. This tends to confirm the previous observa- 
tion that the occurrence of cracks is a rather critical func- 
tion of weld size. It is difficult to explain, however, why 
no cracks appeared in the welds having an average strength 
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Table 11—Effect of Electrode Condition on Weld Consistency with Respect to Strength and Cracks 


Peak Av. Standard Coefficient 
No. of Current, Strength, Deviation, of Variation, 
Alloy and Gage Welds Amp. Lb. b. % Remarks 
(.040-in. Alclad 24S-T 13 33,900 359 15 4.1 Sound welds )Nore: Tips were getting 
9 33,900 397 1l 2.7 Cracked welds dirty and _ cracks 
—_— (very fine) occurred at random 
Total 22 33,900 375 23 6.1 among the 22 
0.040-in. Alclad 24S-T 14 : 35,600 458 22 4.8 Cracked welds before cleaning tips (fine) 
8 35,600 357 75 21.1 Sound welds after cleaning tips 
Total 22 35,600 422 67 15.9 
Welding Conditions 
Type of Welder Electrode Tips Electrode Pressure Surface Treatment Surface Resistance 


Condenser discharge 2'/:-in. R. Dome 


zy See Fig. 7 (D). 


NOTE: 


1400 Ib. 


Chemical 7 microhms 


of 649 Ib. at 45.8 ka. In obtaining the data for Fig. 
19 (B) and (C) a total of 160 welds were made and the 
tips were still clean. Immediately following the above 
welding and without cleaning the tips, 140 more welds 
were made at 45.3 ka. and fine cracks appeared in only 
12 welds. The absence of cracks in some of these welds 
may have been due, in part, to the shunting effect of 
adjacent welds. However, there is no good reason why 
the first welds of each strip of 10 should not have cracked. 
As the welding was continued beyond the 300th weld 
the tips rapidly became seriously dirty, and the cracks 
appeared very frequently and increased in size. This 
experience confirms the previous observation that the 
occurrence of cracks in Alclad 24S-T spot welds is often 
erratic and unpredictable when welding at the higher 
values of current using the constant electrode-pressure 
cycle. 


Experiments to Determine Basic Cause of Inconsis- 
tencies in Weld Strength 


Several experiments were devised in an attempt to de- 
termine the cause of inconsistencies in weld strength. 
One consisted of alternately welding specimens of nitrate 
heat-treated and air heat-treated Alclad 24S-T (0.020 in.) 
and simultaneously taking complete oscillographic records 
of each weld. The records were then analyzed in terms 
of current, resistance and power. It was expected that 
this experiment would also shed further light on the 


— } 


differences in surface condition of the two types of stock. 
Throughout the experiment welds in the nitrate heat- 
treated stock were consistently stronger than those in the 
air-heated stock for the same welding currents. A 
typical analysis of a pair of oscillograms is shown in Fig. 
20. Both sets of specimens had been subjected to the 
same chemical surface treatment. Prior to welding, the 
surface resistance was 6 microhms for the nitrate heat- 
treated stock and 90 microhms for the air heat-treated 
stock. The shear strengths of the two welds were 240 
and 160 Ib., respectively. Figure 20 shows that while 
the currents were identical for the two welds there was a 
pronounced difference with respect to the sheet-to-sheet 
resistance during the first 5 milliseconds of welding time. 
The difference with respect to electrode-to-sheet re- 
sistance was less pronounced. Figure 20 also shows the 
same data in terms of instantaneous power (P = EI = 
I?R). The higher initial surface resistance of the air 
heat-treated stock results in higher values of power at 
the start of the weld. This is most pronounced at the 
sheet-to-sheet contact. When the power curves for the 
three individual contacts are added up a marked differ- 
ence becomes apparent. The areas beneath the “total 
power” curves represent the total energy delivered to the 
weld in each case. Measurement of these areas indi- 
cates that only 2.5% more energy was delivered to the 
weld in the nitrate heat-treated material than to the 
other weld. This cannot very well explain the 50% 
increase in strength. The fact that the distribution of 
the total energy with respect to time was different for 


Table 12—Weld Consistency and Relationship Between Weld Strength and Cracking 


Peak Av. Standard Coefficient 
No.of Current, Strength, Deviation, of Variation, 
Alloy and Gage Welds Amp. Lb. Lb. % Remarks 
0.040-in. Alclad 24S-T 22 40,000 506 46 9.0 All sound welds 
13 41,800 587 Sound welds 
9 41,800 625 Cracked welds 
Total 22 41,800 603 35 5.8 
6 44,200 636 Sound welds | Nore: Fine internal cracks 
16 44,200 650 Cracked welds| occurred at random among 
—— the 22 welds 
Total 22 44,200 647 26 4.0 
11 45,800 649 Sound welds 
11 45,800 680 Cracked welds 
Total 22 45,800 664 28 4.2 ) 
Welding Conditions 
Type of Welder Electrode Tips Electrode Pressure Surface Treatment Surface Resistance 


Condenser discharge 4-in. R. Dome 


1600 Ib. 


Chemical 12 microhms 
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the two welds is probably of greater significance. Al- 
though the total energy delivered to the stronger weld 
was only 2.5% greater, the total peak power was 14% 
greater. It is logical to expect that the peak value of 
the total power has the greater effect in determining 
weld size and strength. A further important considera- 
tion with respect to the sheet-to-sheet power is that it is 
more effective in producing a weld, when its peak occurs 
simultaneously with the development of peak power at 
the electrode-to-sheet contacts. This results in a block- 
ing of heat flow away from the faying surface with the 
result that a higher temperature is reached at that sur- 
face. It should be noted that the extra power dissipated 
at the faying surface due to a high-resistance film effect 
at the start of the weld is less effective in producing a 
weld, even though it reaches the same maximum value. 
The above effects have been noted in a number of similar 
cases. 

Another experiment consisted of making a series of 25 
welds in 0.040-in. Alclad 24S-T under constant welding 
conditions. Complete oscillographic records were taken 
of each weld. The weld strengths ranged from a maxi- 
mum of 505 Ib. to a minimum of 140 Ib. An analysis 
was made of the oscillographic records of the above two 
welds, and it is shown in Fig. 21. Although the current, 
resistance and power curves for the electrode-to-sheet 
contacts are practically identical, the peak power de- 
veloped at the faying surface is about 10% higher in the 
case of the stronger weld. It appears that this reflects 
the difference in sheet-to-sheet resistance. The fact 
that the power at the faying surface is sustained at a 
higher value for an appreciable time in the case of the 
stronger weld may be the reason for the difference in 
strength. However, the reason for the higher resistance 
and power is obscure. It is interesting to note that for 
the 0.040-in. material the sheet-to-sheet resistance 
reaches a rather sharp peak value, whereas this is less 
evident in the 0.020-in. material, as shown in Fig. 20. 
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This technique may prove to be of greater value in future 
work, to establish more fully the reasons for variations in 
weld strength. 

In several instances, it was desired to know if incon- 
sistencies in weld strength could be due to differences in 
the thickness of the cladding at the faying surface. 
While such differences have been observed in specimens 
sectioned and mounted for metallographic examination, 
they have never been observed in fractured welds which 
have been similarly prepared. It is very difficult to 
section and mount weld fractures in such a way as to ob- 
tain a reliable measure of the cladding thickness. An 
experiment was devised in which the cladding on the 
faying surface of 0.064-in. specimens was carefully ma- 
chined down in steps of '/100 in. Following this opera- 
tion and immediately before welding, both surfaces of 
each specimen were carefully wire brushed to remove tool 
marks and the oxide film. The welding machine was ad- 
justed to produce dud welds in specimens bearing the origi- 
nal thickness of cladding. Keeping the welder settings 
constant, all the machined specimens were welded. The 
welds were sectioned, mounted and prepared for ex- 
amination. In the case of the unmachined specimens, 
the cladding extended all the way across the zone of 
fusion in the base alloy, Fig. 22 (A). When the cladding 
was reduced by */1000 in. (each specimen), the cladding 
extended into the fused zone for a considerable distance 
at each end of the section, Fig. 22 (B). When the clad- 
ding was reduced by 2/000 in., the cladding extended into 
the fused zone only as far as is considered normal in a 
sound weld in Alclad materiai, Fig. 22 (C). No cladding 
was left on the faying surfaces when */,090 in. of metal was 
tnachined off, Fig. 22 (D). The diameter of the zone of 
fused base metal increased progressively as the thickness 
of cladding was reduced. Unfortunately only one weld 
was made at each thickness of cladding and no strength 
data were obtained. It is believed that this experiment 
should be repeated with a larger number of specimens 
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Table 13—Consistency of Spot Welds in Non-Alclad Material 


Av. Standard Coefficient Max. Min. Max. Deviation 
No.of Strength, Deviation, of Variation, Strength, Strength, Range, ———— — 
Alloy and Gage Welds Lb. L % Lb. Lb. Lb. Lb. % 
A 0.040-in. 52S-1/;H 54 675 25 3.7 720 630 90 —-45 — 6.5 
B 0.082-in. 52S-1/sH 25 553 22 4.0 580 520 60 6.0 
C 0.020-in. 24S-T 25 245 13 5.5 265 200 65 —45 —18.5 
D 0.026-in. 24S-T 25 261 24 9.1* 340 230 110 +79 +30.3 
E 0.040-in. 24S-T 25 563 20 3.5 610 520 90 +47 + 8.4 
F 0.064-in. 24S-T 25 823 24 3.0 870 785 85 +47 + 5.7 
Welding Conditions 
Type of Welder Electrode Tips Electrode Pressure, Lb. Surface Treatment 
A Condenser discharge 1/,-in. x 10° flat 1200 Wire brushed 
B Condenser discharge 4-in. R. domes 1200 Chemical, #10 solution 
C Condenser discharge 2'/:-in. R. domes 600 Chemical, #16 solution 
D Condenser discharge 2'/s-in. R. domes 600 Chemical, #16 solution 
E Condenser discharge 2'/.-in. R. domes 1400 Chemical, #16 solution 
F Condenser discharge 2'/,-in. R. domes 2200 Chemical, #16 solution 


* Welds on verge of flashing at faying surface, due to wave front being too steep. 


and with a complete oscillographic record for each weld. 
It would be still more satisfactory, however, to show 
that, in material as received, extreme differences in weld 
strength are or are not associated with differences in 
thickness of cladding at the faying surfaces. It is pos- 
sible that only the more extreme variations in strength 
may ever be explained in this way. If the cladding had 
very much effect on weld consistency, a definite improve- 
ment in consistency should be observed in nonclad ma- 
terials. A limited amount of consistency data on such 
materials is shown in Table 13. While the consistencies 
are very good with the exception of the “‘D”’ series of 
welds in bare 24S-T stock, they are not significantly 
better than can be obtained in Alclad material under 
similar conditions. The “D”’ series of welds was made 
with too steep a wave front, the welds being on the verge 
of flashing at the faying surface. It was observed that 


welds in bare 24S-T stock are more sensitive to wave 


form than the Alclad material, and that when flashing 
occurs at the faying surface, there is a serious reduction in 


strength. 


Interpretation of Minimum Permissible Values of 
Strength 


The Army and- Navy minimum values of weld 
strength’*. * are frequently misused. For any given 
gage of material and minimum value there is a cor- 


responding average value which must be maintained if no 
individual values are to fall below the minimum. The 
relationship between the minimum and the average 
values depends upon the over-all consistency of the spot- 
welding operations. This basic relationship is illustrated 
by the theoretical values shown in Table 14. In this 
table the relationship between the average and minimum 
values is such that for any given average value, 99.5% 
of all the individual values can normally be expected to 
exceed the corresponding minimum value. The practical 
significance of this is, that as the average weld strength 
approaches the minimum permissible test value, higher 
degrees of consistency must be maintained. The Army 
and Navy minimum values should be used to establish 
the average values required on the basis of the con- 
sistency obtained in practice. The average strength is 
of far greater significance than the minimum strength 
obtained from a small number of specimens. This is due 
to the fact that the probability of getting a minimum 
measurement is low and the average value might seri- 
ously decrease before it could be detected on the basis of 
minimum test results. The above relationships are 
graphically illustrated by the frequency distribution 
curves shown in Fig. 23. ° 

It should be noted that in Table 14 no allowance is 
made for accidental departures from the degree of consist- 
ency which has been found to prevail from samples taken 
over a period of time. In other words, there is no factor of 
safety. If there is a change in welding conditions which 


Table 14—Relationship Between Minimum Values of Weld Strength, Average Values and Weld Consistency 


Army Minimum 

Gage In, Strength Lb. 2.5 5.0 7.5 

A 0.020 140 150 160 175 
0.025 185 198 213 230 
0.032 257 275 296 319 
0.040 345 370 395 430 
0.051 479 512 551 595 
0.064 690 740 795 855 

Navy Minimum 
Strength, Lb. 

B_ 0.020 180 195 205 225 
0.025 230 246 264 286 
0.032 290 310 334 360 
0.040 370 395 425 460 
0.051 570 610 655 709 
0.064 800 855 920 995 


X = Av. Strength, Lb. 
Ci = Coefficient of Variation, % 


10.0 12.5 15.0 7.6 20.0 22.5 
190 210 230 255 290 340 
250 274 303 340 385 445 
347 381 422 472 535 620 
465 510 565 635 720 830 
648 710 785 880 999 1155 
935 1020 1130 1265 1440 1660 
245 265 295 330 375 435 
311 340 377 422 479 555 
392 430 475 532 605 700 
500 550 605 680 770 890 
770 845 935 1045 1190 1375 
1080 1185 1310 1470 1670 1930 


Note: For any given degree of consistency and average strength, 99.5% of all the welds can normally be expected to exceed the 
minimum permissible strength. 
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Total Thickness improves the consistency, no great harm is done because 
heen Sak, he all of the welds will still exceed the minimum test value. «“@ 
On the other hand, if anything happens to reduce the 
consistency, some fraction of the welds is certain to fa] 
below the minimum permissible test value. Therefore, 
it becomes evident that another factor is needed, whose Al 
effect will be to require higher values of average strength ( 
than are needed to just barely meet the minimum re- 
quirements. In other words, a factor of safety is always 
desirable in establishing a working value of average weld 
strength under any conditions of consistency. 
The requirements for this safety factor are met by the 
base strength factor, F,. The laws of probability are 
such that normally one can expect approximately 99.5% 
of the individual values of strength in any homogeneous 
group of welds to exceed a value which is 2.6 standard 
| rap deviations below the average value. This value of 
. strength is defined as the base strength. The relation- 
; Tepe ships among the average, base and minimum values of 
strength are shown graphically in the upper diagram of 
Fig. 24. The base strength factor F; is equal to the ratio 
of the base strength to the minimum permissible strength, 
F, = X,/X1. The effect of the base strength factor on 
the frequency distribution, when the coefficient of varia- 
tion is kept constant, is shown graphically in the lower 
diagram of Fig. 24. This shows clearly how the base 
strength factor acts as a factor of safety. The data in , 
Table 14 are based on a base strength factor of 1.00. In 
Table 15 will be found values of average weld strength 
to satisfy additional combinations of the base strength 
factor and the coefficient of variation. It is evident that 
Se the most desirable conditions consist of a high base 
ys of strength factor and a low coefficient of variation. This is 
-<i _ shown graphically for 0.040-in. Alclad 24S-T in Fig. 25, 
Fig. 22—Effect of Cladding Thickness on Weld Cross Section which is based on the data of Table 15. In this figure the 
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Table 15—Relationships Among Minimum Values of Weld Strength, Average Values, Weld Consistency and 
the Base Strength Factor 


Xi Fo X = Av. Strength, 
Alclad 248-T Army Minimum Base Strength Cy = Coefficient of Variation, % 

Gage, In. Strength, Lb. Factor 5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 
0.020 140 1.0 150 161 174 189 208 230 257 292 337 
1.3 195 209 226 246 270 298 334 379 439 

1.6 240 256 278 303 332 367 411 467 540 

1.9 284 306 331 360 394 436 488 555 641 

0.025 185 1.0 198 213 230 250 274 304 340 385 446 
1.3 257 276 298 325 356 394 440 500 579 

1.6 317 340 368 400 439 485 544 617 713 

1.9 376 404 436 475 520 576 644 732 846, 

0.032 257 1.0 275 296 319 348 381 421 472 536 620 
1.25 344 370 400 435 477 528 591 671 776 

1.5 413 444 480 522 572 633 709 805 930 

1.75 481 518 560 609 666 738 826 938 1085 

1.0 369 396 429 466 512 566 633 719 832 

1.25 461 495 536 583 639 707 792 899 1040 

1.5 553 595 642 699 766 848 949 1078 1246 

1.75 645 694 750 815 895 990 1108 1257 1454 
1.0 513 550 595 648 710 785 880 998 1155 

1.2 615 661 715 778 852 943 1057 1200 1367 
1.4 717 770 833 906 992 1100 1230 1397 1615 
1.6 820 943 951 1037 1134 1257 1407 1597 1845 
1.0 738 793 858 933 1022 1131 1266 1439 1663 
1.15 849 912 986 1072 1176 1300 1457 1653 1912 
1.3 960 1030 1113 1212 1330 1470 1647 1870 2160 
1.45 2053 2400 


Note: For any given degree of consistency and average strength, 99.5% of all the welds can normally be expected to exceed X, & Fp 


different regions have been arbitrarily designated as 
excellent, good, satisfactory, poor and unacceptable. 
If desired, similar charts might be prepared for the 
other gages. 

At this point mention should be made of the basis by 
which the boundary values of the base strength factor and 
the coefficient of variation were established for each gage. 
According to the experience of this laboratory, average 
values of strength of 285, 645 and 1055 Ib. represent just 
about the maximum which can be obtained in sound 
welds in the 0.020-, 0.040- and 0.064-in. gages, respec- 
tively. The maximum base strength factors were chosen 
so as to require strengths of these orders of magnitude at a 
coefficient of variation of 2.5%, which is considered to 
represent an excellent degree of consistency. The other 
values of F, were established by interpolation. The 
arbitrary system by which degrees of consistency are 
classified is shown in Table 16, This classification is 
subject to change, depending upon further observations 
of weld consistency. 

_If the coefficient of variation in practice is such that 
difficulty is experienced in obtaining the average weld 
strength required by Table 15, steps should be taken to 
improve the consistency. Practical values of average 
strength are determined by welding conditions. For 
example, welds of a given diameter have considerably 
greater strength in wire-brushed than in chemically 
treated stock. Due to the occurrence of cracks it is not 
always possible to make larger welds in chemically 
treated stock to compensate for the inherent difference 
in strength. On the other hand, it is not ordinarily 


Table 16—Suggested Classification of Degrees of Con- 
sistency 


A.S.T.M. Coefficient Classification of 


desirable to accept smaller welds in wire-brushed ma- 
terial, equal in strength to those in chemically treated 
stock, due to reduction in consistency and more frequent 
appearance of duds. Since it has been shown that the 
consistency of spot welds in wire-brushed material is 
definitely inferior to that obtainable in chemically 
treated material, a higher average value of strength 
will automatically be required in the wire-brushed ma- 
terial. It is advisable to consider the Army and Navy 
minimum values as basic requirements and to establish 
shop values of average strength to suit the particular 
welding conditions employed. 

Earlier in this report, it has been shown that excellent 
consistency corresponding to a coefficient of variation of 
from 2.5 to 5.0% can be obtained under laboratory con- 
ditions. The limited data, which are available, indicate 
that a coefficient of variation of about 12.5% frequently 
prevails under shop conditions. The average strengths, 
corresponding to this degree of consistency and a base 
strength factor of 1.00 in Table 15, represent just about 
the maximum strengths which can be obtained in crack- 
free welds in chemically treated material. This means 
that under such conditions the minimum requirements 
can barely be met and there is no factor of safety. It is 
evident that there is considerable room for improvement 
in weld consistency under shop conditions. 

It will be noted in Table 14 that the minimum values 
suggested by the Navy are considerably higher than the 
Army values. The consistency required by the Navy 
corresponds approximately to a coefficient of variation 
of 7.5%, as shown by Table 17. While this represents 
a good degree of consistency, it is very doubtful if it is 
always attained under production conditions. It does, 
however, represent a desirable degree of consistency 
which can probably be obtained by the best current shop 
practice. In other words, it is a good objective to be 


of Variation, % Consistency sought in aluminum spot welding operations. 

7 . — An excellent example of the application of statistical 
10-15 Satisfactory analysis in establishing minimum test values, appeared in 
15-20 Poor a recent paper by R. Della Vedowa and M. M. Rockwell 

Over 20 Unacceptable of the Lockheed Aircraft Corp."' All of the data in the 
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above paper were obtained from specimens welded by 
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means of welders of the electromagnetic energy storage 
type. The results were summarized in a composite fre- 
quency graph which is reproduced in Fig. 26 for com- 
parison with a similar graph based upon the results ob- 
tained in this laboratory with the same type of equip- 
ment. It is interesting to note that the composite 
graphs are similar and represent about the same degree 
of consistency in spite of the fact that the Lockheed re- 
sults were obtained from chemically surface treated speci- 
mens, whereas the R.P.I. results were obtained from wire- 
brushed specimens. According to the data obtained with 
eondenser-discharge equipment, one would have ex- 
pected better consistency from the chemically treated 
stock than from the wire brushed material. This effect 
should be investigated on equipment of the electro- 
magnetic energy storage type. 


Suggestions for the, Evaluation and Control of Weld Con- 
sistency in the Shop 


The first step in evaluating weld consistency in the 
shop is to determine the average strength and the co- 
efficient of variation which are truly representative of the 
actual welding practice on each gage of material. It is 
suggested that these data be obtained by analyzing the 
results of the routine tests of shear specimens over a 
period of sufficient time to provide at least several hun- 
dred values of strength for each gage. The analysis of 


Table 17—Consistency Required by Navy Specification 
Distribution of Welds 


Approximate 
Limits with Respect a — Coefficient of 
to Av. Strength By Number By % Variation, % 


10% 21 in 25 oat 7.5 
+ 20% 25 in 25 100.0 


the results can be performed quickly by means of a 
standard table of squares and an adding machine, as 
shown in Table 2 of this report. A word of caution is 
necessary with regard to the welding of the test specimens. 
All welding machines may not make welds with the same 
degree of consistency at all speeds of operation. Pref- 
erably the specimens should be welded at a speed com- 
parable with the normal rate of welding in production. 
Sometimes this may necessitate welding up a multiple 
spot specimen and then cutting the individual single- 
ty specimens fromit. Asa result of the above analysis, 

e prevailing average strength and coefficient of varia- 
tion will be known for each gage. This information can 
then be checked against Table 15 to determine if the pre- 
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vailing average strength and consistency are compatible 
with the desired base strength factor. 

In production, weld consistency must be controlled by 
means of samples of a relatively small number of speci- 
mens (frequently three). Since the average strength of 
such a small sample is seldom the same as the true 
average, a certain tolerance must be allowed in judging 
the acceptability of the sample on the basis of its average 
strength. A method is suggested in the A.S.T.M. 
Manual (page 50) for establishing these tolerances. 
First, it is assumed that the prevailing coefficient of 
variation C’,, and the desired average weld strength, Y’, 
are known as a result of an analysis such as that described 
above. The control limits for the average of a sample of 
m specimens are then obtained from the following 
equations 


Control limits = X’ = Ao’ 
ig 


The value of A for a sample of three specimens is 1.732. 


The factors (1 + =) for determining control limits 


for the average strength of a sample of three specimens 
are shown in Table 18. For example, if it is desired to 
maintain an F’, of 1.5 in welding 0.040-in. material 
when the prevailing C’, equals 7.5%, Table 15 shows 
that an average strength, X’, of approximately 642 Ib. 
must be maintained. Table 18 shows that for a C, of 
7.5% the factors for establishing the control limits for 
the average strength of a sample of three specimens are 
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Table 18—Factors for Determining the Control Limits for the Average Strength of a Sample of Three Specimens 


C, = Coefficient of Variation, % 


2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 
Factor for upper limit 1.043 1.087 1.130 1.173 1.217 1.260 1.303 1.346 1.390 
Factor for lower limit 0.957 0.913 0.870 0.827 0.783 0.740 0.697 0.654 0.610 
AC’, 
Notes: 1. Factors for control limits = 1 + 00° 


2. The values of A for a sample of 3 specimens is 1.732. Values for other sizes of sample can be found in the A.S.T7.M. Manual 


(p. 50). 


3. Control limits = ¥’ 1 + (43)in which ¥’ is the average weld strength that is to be maintained and C,’ is the prevailing 


coefficient of variation. 


1.130 and 0.870. Therefore, the control limits for 
judging the acceptability of a sample of three specimens 
on the basis of its average strength are 624 X 1.130 = 
725 Ib. and 642 X 0.870 = 559 Ib. Of these limits the 
lower is obviously of greater importance. If the average 
strength falls below the lower limit, need for higher cur- 
rent is indicated, provided that other conditions are cor- 
rect. Similarly, if the average exceeds the upper limit, 
a reduction in current is needed. 

Analysis of consistency data obtained under actual 
production conditions should not stop with calculation 
of the average strength and coefficient of variation as 
suggested above. The data should be analyzed and 
plotted in the form of a frequency distribution chart, 
such as that shown in Fig. 27. This figure is reproduced 
in this report with permission of the Curtiss-Wright 
Corp. (Buffalo Plants) and represents tests of all their 
production of spot welds in 0.032-in. Alclad 24S-T over a 
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period of two weeks. Each welding machine was tested 
at intervals not greater than 2 hr. in accordance with 
their standard inspection procedure. In Fig. 27 the 
term, “‘test,’’ refers to the average strength of three suc- 
cessive specimens. Hence, while 703 tests were made, 
actually 2109 individual specimens were tested. The 
curve shown in Fig. 27 represents the normal distribution 
corresponding to the prevailing degree of consistency. 
Methods of constructing the normal curve can be found 
in any good textbook on statistics. If, as shown in Fig. 
27, the actual data depart appreciably from the normal 
distribution curve, the indication is that the data are 
not homogeneous or have not been obtained from tests 
made under the same essential conditions. In other 
words, the data have been secured under conditions in 
which certain of the control variables have not been held 
within proper limits. The most important control 
variables which might be expected to cause such an in- 
homogeneity are as follows: 


1. Machine settings. 

2. Machine maintenance. 
3. Surface treatment. 

4. Electrode tip contour. 


Lack of homogeneity may sometimes be due to the 
fact that all the machines have not been set up by the 
same individual and, therefore, with the same interpre- 
tation of test results. Departure from the normal curve 
may also be due to nonuniformity in surface condition of 
the test specimens and in maintenance of electrode tip 
contour. The data may also be inhomogeneous when 
collected from different types of welding machines 
which may differ inherently with respect to consistency. 

An analysis such as that described above is of great 
value in determining whether all of the factors involved in 
production are under proper control. A knowledge of 
the factors which may not be under the best possible con- 
trol will indicate the direction in which improvement in 
shop control should be made. Further tests of the type 
mentioned above will indicate when significant improve- 
ment has been made in quality control. 


Conclusions 


As a result of the above observations pertaining to the 
strength consistency of spot welds in aluminum alloys, 
the following conclusions are drawn: 


1. A.S.T.M. methods of evaluating consistency can be 
applied advantageously to this problem. The co- 
efficient of variation, which can be easily calculated from 
ordinary test data, is probably the most useful measure 
of consistency. 

2. The first requisite for consistency is reliable 
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operation of the welding equipment with respect to 
secondary current and electrode pressure. 

3. A very important factor affecting consistency is 
the magnitude of the welding current or the point of 
operation on the strength-current characteristic for the 
welding conditions employed. At the lower end of the 
characteristic the consistency is very poor and dud welds 
frequently occur. As the current is increased the con- 
sistency rapidly improves. Operation at a point of high 
consistency on the strength-current characteristic is 
automatically insured when welds are produced to meet 
standards of strength which are statistically correct with 
respect to the Army and Navy minimum requirements. 

4. It appears that the Army and Navy minimum 
strength requirements are very satisfactory when con- 
sideration is given to the weld strengths and consistencies 
obtainable in production, and to the need for a factor of 
safety against accidental departures from normal con- 
sistency. 

5. Uniformity of surface condition is another factor 
of major importance affecting consistency. Good con- 
sistency requires that the surface condition be uniform 
from spot-to-spot and from one assembly to another. 
To obtain good consistency, the surface preparation 
should consist of a thorough degreasing operation 
followed by a controlled treatment in a chemical solution 
which can be easily maintained at a uniformly effective 
strength. 

6. A chemical method of surface treatment, which 
leaves the stock with a bright mill finish, is superior to 
wire brushing with respect to consistency. 

7. To obtain the best consistency with chemical sur- 
face treatment, it is preferable that the stock be uniform 
with respect to type of heat treatment. In any produc- 
tion run, stock which has been heat treated in an air 
furnace should not be mixed with stock heat treated in a 
nitrate bath. 

8. Within the limits of this investigation, the shape 
of the condenser discharge type of wave form does not 
affect consistency. 

9. Existing methods of surface preparation and types 
of welding equipment are capable of producing welds of 
an excellent degree of consistency. To approach this 
high degree of consistency in production, it is necessary 
that surface preparation and the actual welding process 
be kept under good control. 


Practical Significance of Report No. 13 


This report calls attention to the fact that well-es- 
tablished methods of the A.S.T.M. are applicable to the 
evaluation of strength consistency of spot welds in 
aluminum alloys and to the problem of establishing shop 
test values to insure that the Army and Navy minimum 
requirements are properly met. For any given gage of 
material, minimum test value and degree of consistency 
there is a corresponding average value of weld strength 
which must be maintained if no individual values are to 
fall below the minimum. In addition, a factor of safety 
is highly desirable for protection against accidental de- 
partures from normal consistency. ‘Tables are presented 
in this report showing the relationships among the above 
quantities. This information will be useful in in- 
terpreting consistency data obtained under almost any 
welding conditions. 

The first requisites for consistency are reliable opera- 
tion of the welding equipment with respect to secondary 
current and electrode pressure, and maintenance of uni- 
form conditions at the electrode tips. 


The next most important factor affecting consistency js 
the magnitude of the welding current or the point of 
operation on the strength-current characteristic for the 
welding conditions employed. At the lower end of the 
characteristic the consistency is very poor and dud welds 
frequently occur. As the current is increased the con- 
sistency rapidly improves. Operation at a point of high 
consistency on the strength-current characteristic js 
automatically insured when welds are produced to meet 
standards of strength which are statistically correct with 
respect to the Army and Navy minimum requirements. 
It appears that the Army and Navy minimum strength 
requirements are very satisfactory when consideration is 
given to the weld strengths and consistencies obtainable 
in production, and to the need for a factor of safety 
against accidental departures from normal consistency. 

Uniformity of surface condition is another factor of 
major importance affecting consistency. Good con- 
sistency requires that the surface condition be uniform 
from spot-to-spot and from one assembly to another. 
To obtain good consistency, the surface preparation 
should consist of a thorough degreasing operation 
followed by a controlled treatment in a chemical solu- 
tion which can be maititained easily at a uniformly 
effective strength. A chemical method of surface treat- 
ment, which leaves the stock with a bright mill finish, is 
superior to wire brushing with respect to consistency. 
To obtain the best consistency with chemical surface 
treatment, it is preferable that the stock be uniform 
with respect to type of heat treatment. In any pro- 
duction run, stock which has been heat treated in an air 
furnace should not be mixed with stock heat treated in a 
nitrate bath. 


Existing methods of surface preparation and types of 
welding equipment are capable of producing welds of an 
excellent degree of consistency. To approach this high 
degree of consistency in production, it is necessary that 
surface preparation and the actual welding process be 
kept under good control. 
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presented previously.':* In brief, it states that 

tensile stresses accelerate the precipitation of iron 
nitride, that the newly formed and the parent materials 
form a galvanic couple, and that cracking proceeds by 
the dissolution of the anodic material. This theory has 
several advantages over previous theories. It explains: 
that stress corrosion is caused by the continuous opera- 
tion of mechanical and chemical agencies; that the ten- 
sile forces help determine the direction of cracking, by 
hastening theformation of the “‘dissolvable”’ product phase 
near the apex of the crack; and the effect of alloying 
agents such as aluminum, titanium, etc. 

One important implication of the theory is that strain 
aging, which is stress-accelerated precipitation, and stress 
corrosion have a common cause. However, this state- 
ment should not be construed to mean strain aging is 
caused solely by the precipitation of iron nitride. It is 
well established that carbon also contributes to the aging 
phenomena of mild steel. 

The “hydrogen embrittlement” theory of stress corro- 
sion of mild steel is generally accepted. It states that 
carbides, nitrides and oxides within the steel are reduced 
by nascent “‘atomic’’ hydrogen, which diffuses a short 
distance into the steel. The gaseous products which are 
hydrides cannot diffuse, hence a tremendous internal 
pressure results which leads to internal rupture. The 
corroding solution which releases nascent hydrogen at 
the surface of the iron in this way contacts fresh metal 
and the crack grows. However, this ‘“hydrogen”’ theory 
fails to explain a number of experimental results. The 
principal of these is the failure to explain why carbon has 
a retarding effect on the rate of cracking. 

The “hydrogen embrittlement’ theory is thought to be 
a mechanism of caustic or boiler embrittlement. Most 
of the results and references cited in this paper deal with 
stress corrosion in nitrate solutions. Although many 
German authors have regarded the corrosion in the two 
media as identical, Zapffe," the principal proponent of 


\ THEORY of stress corrosion of mild steel has been 


the hydrogen theory, makes a distinction between the 


two cases. 

The “hydrogen embrittlement theory”’ is inadequate to 
explain nitrate corrosion. But without further data, one 
cannot conclude whether the ‘“‘hydrogen embrittlement”’ 
or the “stress-accelerated precipitation” theory applies 
to those boiler failures which are due to stress corrosion. 

It is the purpose of this paper to discuss the ‘‘stress- 
accelerated precipitation” theory and in this way to en- 
courage research workers to perform experiments de- 
signed to test which of the two theories explains boiler 


embrittlement. When the true mechanism is known, 
* Conducted in the Corrosion Research Laboratory, Illinois Institute of - 
Technology, Chicago, Ill. 
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proper remedies can be found @nd with the mechanism at 
hand, suitable welding procedures for boilers, etc., can be 
more easily developed. 

This report has two main sections. The first is the 
statement and the development of the theory. This is 
followed by a description of the experiments which sup- 
port the proposed theory. 


Stress-Accelerated Precipitation Theory 


This theory states that stress corrosion is caused by 
the continuous and concurrent action of precipitation and 
tensile stress wherein (1) precipitation prepares the metal 
for selective corrosion and cracking, (2) cracks which are 
present produce high local stresses due to their concen- 
trating effect on stresses and (3) these stresses accelerate 
precipitation, as is the case in strain aging. More specifi- 
cally, mechanical stresses accelerate the decomposition 
of the super saturated-solid solution and this new ma- 
terial couples with the parent phase to form a galvanic 
cell. Such a grouping of two materials leads to the more 
rapid dissolution of one of them than would be the case if 
only the one were in the solution. Since the greatest 
portion of this new material will form at the grain 
boundaries, the corrosion cracking would be expected to 
be largely intercrystalline. Boiler failures due to caustic 
embrittlement are intercrystalline.* Cracks caused by 
nitrate solutions are also mostly intercrystalline.': * 


Boiler Embrittlement 


Caustic or boiler embrittlement (a) always occurs be- 
low the water line of the boiler, (b) is associated with 
alkaline water, (c) usually occurs in conjunction with a 
crack of seam where the concentration of salts may 
occur, (d) is accompanied by an external, strongly alka- 
line incrustation,*~* (e) requires high residual stresses 
augmented by the applied stresses®:’ and (f) results in 
intercrystalline cracks.*-* The similarity between the 
effects of alkaline boiler feed waters and nitrate solutions 
has been noticed.** 

In addition to these characteristics of boiler embrittle- 
ment this type of metallic failure is very penetrating and 
so destructive of the metallic strength that boiler explo- 
sions occur. 

Zapfie” has reported the confused expert opinions 
offered as causes after such explosions. Some of these 
are: blue brittleness cracks, finishing at too low a tem- 
perature, finishing at too high a temperature, shearing, 
“oxidized steel,’’ uneven cooling out-of-doors, bad rivet- 
ing segregations and brittle ferrite crystals. Although 
these opinions were given before 1918, the recent litera- 
ture contains many contradictions which indicate similar 
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confusion. For example, in 1926 sodium sulphate was 
recommended as a protective agent!” in the boiler code, 
yet its value was refuted in a symposium!~™ in 1942. 
Parr® patented phosphates as inhibitors; trisodium 
phosphate liquor caused cracking.” Sodium silicate 
must be present in sodium hydroxide," but Desch® 
embrittled steel with pure sodium hydroxide. 

The current theories of boiler embrittlement have 
failed to explain the effect of minor alloy additions to 
steel. 

Parr and Straub,* thought that aluminum was of little 
value in protecting steel, but more careful work has 
shown aluminum additions, such as in Izett steel, to be 
very beneficial.’: Stromeyer®* thought phosphorus 
important although he was unable to explain its action. 
This opinion is still held.** Stromeyer later proposed 
both nitrogen and phosphorus.*. % Carbon also has 
been blamed.” All these elements in addition have been 
linked with the aging of stgel. 


Strain A ging in Steel 


Aging in general is caused by the disintegration of a 
supersaturated solid solution. If the solid solubility of a 
solute decreases with falling temperature, the solute may 
be-retained by quenching, but it will tend to precipitate. 
Such incipient precipitation from ferrite is the cause of 
the aging phenomena in steel.* 

Strain above the elastic limit plays an important part 
in aging and the term “‘strain aging’’ refers to this phe- 
nomenon. Frequently, quenching is adequate to initiate 
precipitation and this phenomenon is distinguished by 
the term “‘quench aging.’’ In general a steel that will 
“quench age’”’ will “strain age’; but “strain aging” will 
occur at a lower degree of supersaturation.* Probably 
the straining supplies sufficient energy to activate locally 
the precipitation reaction. 

Carbon and nitrogen give rise to precipitation™ and 
have been conclusively shown to cause aging.* These 
elements and oxygen, have suitable solubility curves— 
appreciable quantities of them will dissolve just below 
the critical temperature (A;) and very little at room 
temperature. Oxygen, in the absence of carbon and 
nitrogen, does not show aging effects.*4~** The solubility 
of phosphorus at room temperature is far greater than 
the quantities present in steel. Hence phosphorus is 
directly responsible for aging. Nevertheless both oxygen 
and phosphorus might play an indirect role by reducing 
the solubility (which is of interstitial type) of carbon and 
nitrogen.* The influence of these elements has been 
critically reviewed by Low and Gensamer.” 

Both aluminum”: *-* and titanium,” *: when 
added in adequate amounts, render the steel resistant to 
aging. The effect of these strong deoxidizers is generally 
thought to be in removing oxygen from solution, thus 
preventing precipitation.” ** But a more satis- 
factory explanation is that they combine with nitrogen 
after the oxygen and carbon requirements have been 
satisfied.“ Low and Gensamer™ have shown that when 
aluminum is presént not all the nitrogen can be eliminated 
by wet hydrogen. Nevertheless such a steel is “‘non- 
aging.”’ 

The effect of several other elements on aging resistance 
can be foretold by knowing whether they forth carbides 
and nitrides. Copper, manganese and beryllium would 
have little value. Silicon, a potential nitride former, 
would be second rate. The carbide formers, nickel, 
molybdenum and chromium would have about the same 
value; several per cent of these elements would be 
needed. Vanadium would greatly enhance resistance 
because it forms a stable nitride as well as carbide. 
Eilender, Fry and Gottwald*' have shown that at least 
4% manganese, 3% molybdenum, 3% silicon, approxi- 
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mately 2% chromium, */,% of vanadium and '/,% cach 
of titanium and aluminum are needed to render a stee| 
nonaging. The effect of the less valuable elements may 


-be in reducing the rate of diffusion of the carbon anq 


nitrogen. 


Strain Aging and Caustic Embrittlement Are Related 


One vital link, that aging and boiler embrittlement 
have the same cause, is needed to render the precipitation 
theory of stress corrosion feasible. 

In the early researches into boiler failures the term 
“boiler embrittlement” was coined. This phrase sug- 
gests that the boiler metal becomes brittle and failures or 
explosions soon result. In fact anything which would 
undermine the strength of the metal such as selective 
corrosion would be adequate cause for the metal ruptur- 
ing. Logically, when it was shown that steel became 
less ductile (and aging does make metal more brittle’) 
on standing, aging was blamed for causing of boiler 
failures. This erroneous theory, namely, that the mere 
embrittlement of the metal caused the mechanical failure 
was important, because aging and caustic embrittlement 
were associated. The typical transgranular cracks which 
would be expected if this were the mechanism, are not 
observed. With the failure of this theory to explain 
satisfactorily the path of cracking, a layer hydrogen 


embrittlement theory was proposed which is widely ' 


accepted today. This theory which depends upon 
atomic hydrogen, has obscured the relation of aging to 
caustic embrittlement. 

Stromeyer™®: @ proposed the aging theory of boiler 
failures in 1907. Twenty years later Fry**: *' brought 
this theory to a logical conclusion by developing a non- 
aging steel. Inasmuch as he thought that oxygen was 
the cause of aging, he added aluminum which was known 
to be a strong deoxidizer to steel. Resistance to cracking 
was developed. The aging theory was discarded by 
American investigators when they were able to crack such 
a (“Izett’”’) killed steel.*-7 More careful work recently 
done*~*? has shown that steel deoxidized with aluminum 
has excellent resistance to boiler cracking. 

Independent investigations of the factors which influ- 
ence aging and those which influence stress corrosion ex- 
hibit a striking parallelism. Nonaging steels are resistant 
to caustic embrittlement’: and nitrate at- 
tack.* 4-44 The same heat treatment which makes 
steel essentially free from strain aging**—namely, quench- 
ing from the upper critical temperature and followed by 
annealing below the critical and slow cooling—also im- 
proves resistance.“* This treatment would tend to make 
a sorbitic steel; sorbitic steel has a high resistance to 
caustic embrittlement. * The upper limit of 0.14% car- 
bon at which aging becomes less noticeable® coincides 
with the lower limit of 0.15% carbon for resistance to 
nitrate attack.“* Aluminum additions protect steel from 
caustic embrittlement” and nitrate attack,™ 
as well as make steel stable toward aging. “ 
Titanium in sufficient quantity will make steel nonaging” 
and resistant to caustic embrittlement.* 

The effects of various other elements have been men- 
tioned before this, but in summary, approximately 3°7 
of manganese, molybdenum, silicon and chromium were 
needed to reduce aging*'; steels with small amounts of 
these elements crack readily.“ A 3% nickel steel is 
rather resistant.“ 

The elements that have been thought to be responsible 
for cracking and aging have been discussed above. 
Nitrogen in the presence of phosphorus” is a cause of 
aging, and caustic cracking. Pfeil blamed carbon for 
embrittlement.” Both carbon and nitrogen are the 
elements causing precipitation.* * Low and Gensamer 
developed a wet hydrogen process for making steel non- 
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aging. & This treatment eliminates carbon and nitro- 
gen, has little effect on phosphorus and none on oxygen.” 
Reintroduction of either carbon or nitrogen restores the 
aging tendency.” The effectiveness of aluminum (which 
forms little carbide) in developing a resistance to aging 
and cracking suggests that nitrogen is the more important 
element: 

Davenport and Bain® tentatively proposed an aging 
theory of caustic embrittlement. The precipitate of iron 
oxide was selectively corroded to develop intercrystalline 
cracks. The evidence against oxygen as a cause of aging 
has minimized the acceptance of this theory. 

Other attempts have been made to correlate caustic 
embrittlement*® 4* but with no clear success. However, 
a reinvestigation of these data shows that a correlation 
does exist. 


Type of Stress 


Several important investigations have shown that al- 
though residual stresses from fabrication are adequate to 
cause boiler embrittlement, and that these stresses must 
be tensile and not compressive. Stromeyer forced two 
concentric tapered rings together and showed that only 
the outer one (the one in tension) cracked in caustic.” 
Cylindrical specimens of duralumin tested in torsion, 
cracked in a plane which was inclined at 45° to the torsion 
axis.“ This plane is perpendicular to the plane of high- 
est resolved tensile stress. The importance of this 
plane has been confirmed in work on stainless steel.*' * 
As further evidence of the need of tensile stresses, 
Krivobok® has shown that surface compression will in- 
hibit stress corrosion of magnesium castings. 


Stress Acceleration of Precipitation 


The distinctive feature of the present theory—namely, 
that high stresses accelerate precipitation—has been 
overlooked by other investigators of stress corrosion. 
This feature is the essential link between selective corro- 
sion attack and the accelerated stress corrosion attack. 

The data are consistent that plastic deformation after 
quenching and before aging results in a rapid rate of pre- 
cipitation. Precipitation may even occur during strain- 
ing.*4 5 Deformation increases the rate of precipitation 
in aluminum,” lead-antimony,” copper-silver,™ 
copper-beryllium,®*! copper-iron,®* copper-silicon-nickel 
and copper-silicon cobalt® and other alloy systems.™ 
The development of strain figures in steel by etching with 
cupric chloride solutions”~”* is an example of accelerated 
precipitation” where the deformation increases the 
rate of aging at room temperature sufficiently to permit 
detectable precipitation.“ Although steel shows a 
lesser tendency to age harden after cold working,® this 
effect is probably due to the completion of precipitation 
at most ‘‘active centers.” 

Steel is the only common metallurgical product re- 
garded as having a distinct yield point. Many unsatis- 
factory theories have been proposed for the yield point 
behavior™ but it has been long recognized that yield 
point and aging were related.™ * 

Using the yield point elongation as a sensitive measure 
of aging tendency, Low and Gensamer® definitely showed 
that both carbon and nitrogen cause the aging and the 
yield point. Edwards, Phillips and Liu*®* found that a 
low-alloy steel with a titanium to carbon ratio of 15 has 
the smooth stress-strain curve characteristic of a nonaging 
steel. ® In the same paper, Edwards, et al., demon- 
strated that such age-hardening alloys as copper-beryl- 
lium and nickel-manganese have the typical yield point 
behavior of steel. They concluded that this phenomenon 
in both ferrous and nonferrous materials was caused by 
precipitation from solid solution induced by straining. 


This concept is certainly in agreement with the observa- 
tion that precipitation occurs during cold work.** 

Caustic embrittlement requires stresses exceeding the 
yield point.”  * In these tests initiative of slow 
service failures, it is apparent that plastic deformation 
may be needed to insure sufficient precipitation to pro- 
mote selective corrosion. However, smaller stresses may 
cause only slight changes in the corrosion resistance. 
Stresses which produce incipient precipitation may be 
adequate to accelerate selective corrosion. 


Stress Concentration 


Although small elastic stresses may be adequate to 
initiate precipitation, the present theory need not be 
hampered by the smallness of them. It is well known 
that notches, keyways, etc., are “‘stress raisers.’’ That 
is, in the neighborhood of these discontinuities, the 
stresses are magnified. This causes mechanical failures 
such as fatigue cracking to begin in these areas. 


Development of ‘Free Nitrogen Factor’ 


The previous investigators have been unable to develop 
their theories to the point where quantitative predictions 
could be made. The precipitation theory, however, 
affords a basis for correlating pre-existing data. 

The basis has been presented above for developing a 
relationship between the effect and the quantity of the 
elements. It has been stated that nitrogen is the princi- 
pal cause for stress corrosion and that the effects of other 
elements are indirect because they only influence the 
nitrogen. 

But before the correlation can be discussed, we must 
review the method of obtaining a correlation and of 
testing whether it is significant. 


Linear Regression 


Prominent in most investigations is the question of 
whether one group of data has an effect on another group 
of data. In planned experiments, regression may be used 
as an index of correlation. The sole requirement is that 
the data measurements are taken in pairs, each pair 
consisting of one value of each variable taken in some 
objective manner. 

A line drawn among a group of points in the effort to 
depict their trend which represents a good fit of the data 
is called a line of regression. A satisfactory line of re- 
gression could be found by the method of least squares, 
since the sum of the squares of the deviations from that 
line are known to be a minimum. 

The usual expression for the line of regression of y on 
x is 

(y — My) = a(x — Mx) (1) 


where My and Mx are the mean values of y and x, respec- 
tively, and where a is the coefficient of regression. In 
this notation M is used in sense of an operation. That is, 
Mz denotes the mean value of z. The coefficient of re- 
gression is defined by the expression 


a = Mxy/Mx’ (2) 
Correlation 


The method of correlation is a far less general method 
than its cousin, regression; it is an important tool in re- 
search. A striking success of this method was in the 
field of inheritance. At a time when nothing was known 
of the mechanism of inheritance, this method made it 
possible to demonstrate the existence of inheritance and to 
‘measure its intensity.”’ 
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The correlation coefficient, which is universally denoted 
by the letter 7, measures the degree to which two vari- 
ables tend to be associated. In the usual notation the 
correlation coefficient applies only to the linear associa- 
tion of two variates. If some other functional relation- 
ship exists, then the value of r (which is less than one) 
indicates a poor correlation. For nonlinear relations 
special devices must be employed. These are described 
in any book on statistical methods of research.” 
The quantity, r, can now be defined. It is 


= (3) 


where = is an operator denoting the summation of all the 
values of the operand. If there are m pairs of values of x 
and y, the M operator may be defined as 


Mz = 
My = (1/n)2(y) 
Mxy = (1/n)2(xy) 
Therefore 
= (1/n)z (4) 


By simple algebra one can see that the coefficients of 
regression and correlation are related 


= 1V 2(y*)/Z(x?*) (5) 


It may be seen from Equation (2) that r is a pure num- 
ber independent of the units or the magnitude of the 
variables, y and x. The value of y depends both upon 
the errors in securing the data and upon the other 
variable x. 

It is possible to measure the percentage of the devia- 
tions in y from the mean which are not explained by the 
paired values, x. The value of y’ to be expected for a 
given x is 


= My + a(x — Mx) (6) 
The deviation of the actual y, from this value is 


It can be shown that the sum of the squares of this num- 
ber is a simple function of the correlation coefficient. 


= (1 — 
Therefore it is evident that the fraction of the deviations 
to er accounted for by the value of x is simply 
1 

In a perfect correlation, these deviations would each be 
zero. Therefore r would be unity. The more nearly r 
approaches one, the smaller becomes the unexplained 
deviation. Therefore r represents the closeness of fit. 

Suppose that there is a large number of paired values, 
and that R is the correlation coefficient of this population. 
From this population a group of m paired values are with- 
drawn at random and the correlation coefficient r for the 
group is calculated. How will these r be distributed? 
The answer to this question tells the variation in r which 
may be due to errors in sampling or selecting the pairs. 
Distribution curves are given Fig. 1 for eight pairs sam- 
pled from a population which was 80% correlated. 


Another such curve is drawn for a population in which R 
is zero. 


Test of Significance for a Correlation 


After computing a correlation one usually wishes to 
know whether or not it is significant. The question then 
asked is what is the chance of finding a sample of n pairs 
with a calculated correlation of r when the true correla- 
tion coefficient for the population is zero. Such proba- 
bility calculations have been made. A summary of them 
is given in Table 1. 


0.8 | 
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Fig. 1—Distribution in r for Sets of Eight Samples 


Table 1—Correlation of Coefficients at the 1 and 5% Levels 
Significance” 


of 
Degrees of 5% 1% 
Freedom, n — 2 Probability, r Probability, r 

1 0.997 1.000 

2 0.950 0.990 

4 0.811 0.917 

6 0.707 0.834 

8 0.632 0.765 
10 0.576 0.708 
12 0.532 0.661 
14 0.497 0.623 
16 0.468 0.590 
18 0.444 0.561 
20 0.423 0.537 
22 0.404 0.515 
24 0.388 0.496 
50 0.273 0.354 
70 0.232 0.302 
100 0.195 0.254 
500 0.088 0.115 
1000 0.062 0.081 


The use of this table is simple. If the value of r for a 
sample of 20 pairs is +0.5 then there is less than a 5% 
chance that the sample was drawn from an uncorrelated 
population. Therefore r is significant. If the value of r 
had been +0.4 the apparent correlation could be for- 
tuitous and r would not be significant. If the value of r 
had been +0.6, there would only be a few chances in a 
thousand that samples were withdrawn from a population 
of zero correlation. In this case, the correlation of the 
sample is real and significant. The correlation coefficient 
is said to be beyond the 1% level of significance. 


Free Nitrogen Factor* 


It is essential to the precipitation theory that aging and 
corrosion cracking be related. The association of the 
two phenomena per se is not new. 

With the theoretical basis so far established, one might 
expect a mathematical correlation to exist between aging 
and cracking. A more perfect correlation between the 
cracking and the nitrogen could be anticipated from the 
theory presented. This expectation is not new and yet 
others have failed to find any such correlation. Their 
difficulty was that they used a poor measure of aging or 
that they used the total nitrogen rather than the amount 
that was available for forming iron nitride. 

(a) Correlation Between Aging and Cracking Time.— 
One of the most sensitive tests of aging is the loss of duc- 
tility. Steel when it ages becomes brittle. In attempts 
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PERCENTAGE CHANGE OF NOTCH IMPACT VALUES 
Fig. 2—Correlation Between Aging and Cracking Times? 


to correlate age hardening with stress corrosion, brittle- 
ness or the increase of brittleness with time have been 
employed as indices of aging. * Neither of these 
methods is satisfactory. 

In the first place it must be remembered that the notch- 
impact test does not give precise results. Therefore, the 
brittleness of steel as aged is not an infallible guide to 
whether it will crack or not. 

In the first tests** steels which had an Izod impact 
value, after aging of more than 15 kg./cm.? were classed 
as resistant. Specimens with greater brittleness failed to 
crack; specimens with less failed to resist. No sharp 
demarcation was possible. 

The magnitude of the change® in notch-impact values 
on aging is also a poor test. A brittle steel with no re- 
sistance to aging or cracking may appear to be stable. 
The only satisfactory basis would therefore be the per- 
centage change in impact values. But neither Nehl and 
Werner* nor Athavale and Eilender,* thought their data 
showed a correlation. However, a reinvestigation of 
these data shows a correlation does exist. 

Athavale and Eilender® have listed impact values be- 
fore and after aging, cracking times and detailed chemical 
analyses for some 25 steels. The cracking time depends 
upon the heat treatment and the amount of plastic de- 
formation. The specimens to be cracked were in one in- 
stance normalized (air cooled from above the lower criti- 
cal) and cold bent before testing. The impact resistance 
of the steels as normalized was obtained before and after 
aging. The aging treatment consisted of cold reducing 
the samples 10% and of aging at 250° C. for a half hour. 
The cracking time and the percentage change were 
plotted on log paper in Fig. 2. - The cracking times of the 
normalized steels used by Nehl and Werner‘ were 
estimated from chemical analyses of the steels. This 
method will be described in the next section. The corre- 
lation between extent of aging and rate of cracking is 
apparent. The correlation coefficient is —0.724, which 
is well above the 1% level of significance. 

(6) Effect of Nitrogen.—If cracking depends upon the 
precipitation of iron nitride then only the amount of 
nitrogen that can combine with iron will control cracking. 
This is less than the total nitrogen because some nitrogen 
exists in steel as aluminum and titanium nitrides. The 
reduction of nitrogen measures the free nitrogen available 
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for precipitation. This serves as a basis for correlating 
the effect of the rate of cracking with the free nitrogen. 

Athavale and Eilender® indicate that the stress-corro- 
sion susceptibility of mild steel increases with the nitrogen 
content. Their results contained an apparent anomaly, 
namely, nitriding the poorly resistant steels increases 
their resistance. This observation need not present any 
conflict. Nitriding is well known to produce compres- 
sive stresses at the metal surface. These workers made 
no attempt to relieve these stresses by heat treatment, 
nor was the nitrogen not permitted to diffuse. Com- 
pressive stresses will inhibit stress corrosion.” 

The protective ability of aluminum may be ascribed to 
its ability to combine with nitrogen. When a suitable 
basis for estimating the uncombined nitrogen is under- 
taken, the fact that aluminum forms a stable compound 
is important. The formula of this compound is AIN. 
The free energy change of formation indicates that AIN 
will form in preference to FeyN. 

Because of the chemical similarity of phosphorus and 
nitrogen, a phosphide might be anticipated. Both Al;P 
and AIP have been reported,** but in the absence of large 
quantities of aluminum the diatomic compound is the 
more likely. Furthermore, the phosphorus may reduce 
the solubility of the nitrogen in steel. 

The aluminum will combine with oxygen in preference 
to most other compounds. For this reason aluminum is 
used to deoxidize steel. During the pouring and freezing 
of steel most of the oxide is skimmed off. Inasmuch as 
the alumina content of steel is rarely given, it will be 
assumed to be low and relatively constant. 

The nitrogen available for nitride formation is 


Al — (P + O) 


Therefore the free nitrogen, or the nitrogen available 
for forming iron nitride, is the nitrogen minus the avail- 
able aluminum. For accurate work these quantities 
must be expressed in terms of mole fractions. For un- 
alloyed mild steels the number of moles in 100 gm. of 


steel is 1.81 to within 1% accuracy. If 2800 gm. of 
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steel are taken, it may be confirmed that the number of 
moles of aluminum, nitrogen, phosphorus and oxygen are 
almost whole number multiples of the weight composi- 
tion. Therefore, the nitrogen free to form iron nitride is 


2N + P + 30 — Al 


As an empirical expedient, a factor which will be known 
as the “free nitrogen factor,’’ will be formed. It is 


N* = (2N + P — Al) X 105 


This factor affords a basis for reviewing the previous 
work on both strain aging and stress corrosion of steel. 

(c) Correlations with ‘‘Free’’ Nitrogen—When the log 
of the cracking time is plotted against this free nitrogen 
factor, as in Fig. 3, the data of Athavale and Eilender* 
show an excellent correlation. The correlation factor is 
— 0.924, which is well above the 1% level of significance. 
It is further significant that the lines relating cracking 
times to the free nitrogen factor are parallel for the three 
heat treatments. 

When the log of the percentage change in the notch- 
impact resistance on aging for normalized steels is plotted 
against the free nitrogen factor, another linear correlation 
is Obtained. This is presented in Fig. 4. The correla- 
tion coefficient of —0.887 is well above the 1% level of 
significance. 

The importance of these correlations is twofold: The 
percentage change of the impact values with aging de- 
pends upon the amount of “‘free’’ nitrogen, and, secondly, 
the cracking times of similarly prepared specimens de- 
pend on the percentage decrease of impact resistance and 
are almost independent of the heat treatment. An even 
more precise correlation can be made between the 
cracking times and the “free nitrogen factor.’’ Different 
quenching temperatures and cooling rates cause a parallel 
shift in the lines of the above correlation. Such heat 
treatments merely affect the extent of precipitation. 

Only three coordinate axes are used in Figs. 24. 
These are the percentage change of impact resistance on 
aging, the cracking times and the “‘free’’ nitrogen. 
Therefore there is a mutual correlation between the ex- 
— of aging, the rate of cracking and the free nitrogen 
actor. 

Because the correlation plot of Fig. 3 is linear, ex- 
trapolation indicates that a steel can be made only rela- 
tively more, but not completely, resistant to stress- 
corrosion cracking. This probably explains the contra- 
dictory experience of the German,*!~** ® and the Ameri- 
can*'» research workers with aluminum deoxidized 
“nonaging’’ steels. The former said that aluminum was 
not an effective addition because aluminum steels would 
crack. The German authors commented on the ex- 
cellent resistance of such steels. 

The correlation does not tell us whether the complete 
elimination of the nitrogen would bring about complete 
resistance, but it is indicated that processes which tend 
to reduce the nitrogen content to a minimum, such as 
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the wet hydrogen treatment or vacuum fusion, would be 
beneficial. 

(d) Improvements to the ‘‘Free Nitrogen Factor.'’—The 
“Free Nitrogen Factor’ explained above has been used 
in a published report.? However, certain refinements 
can be made with aid of the theory developed up to this 
point. Two other elements, carbon and titanium, have 
been mentioned frequently in connection with aging and, 
with cracking resistance. The inclusion of the effects of 
these elements would be desirable. 

Although a statistical analysis of the over-all effect of 
carbon has not been made by the method of multiple 
correlation, a multiplicative factor of minus one-tenth 
for the carbon was found by trial and error to give the 
best fit of the data. 

The effect of titanium may be similarly analyzed. 
Titanium which is added to the steel is consumed first by 
oxygen and then by carbon before any reaction with 
nitrogen takes place. Vanadium in all probability 
forms a carbide before reacting with nitrogen. There is 
unfortunately insufficient data in the literature to test 
these ideas in a quantitative manner. 


Retarding Effect of Carbon 


The effects of carbon are numerous. It has been men- 
tioned already that carbon (as well as nitrogen) precipi- 
tates in strain aging. Therefore the precipitation of 
carbon consumes energy that would go into the pre- 
cipitation of iron nitride. The cementite has been found 
to be cathodic to iron in mild acids (and the nitrate solu- 
tion is faintly acid); therefore pearlite areas would block 


Table 2—Chemical Analyses of Steels Used 


Lab. No. 101 102 103 104 105 106 107 

Element - Percentages — 
Carbon 0.18 0.18 0.09 0.08 0.31 0.22 0.003 
Phosphorus 0.013 0.010 0.089 0.108 0.008 0.015 0.008 
Silicon 0.01 0.01 0.006 0.005 Trace 0.015 0.001 
Manganese 0.40 0.41 0.37 0.27 0.41 0.84 0.370 
Aluminum Trace Trace Trace 0.011 
Sulphur 0.034 0.016 0.030 0.050 0.033 0.027 0.021 
Nitrogen 0.007 0.008 os 0.009 0.007 eR 0.0036 
A.S.T.M. spec. A 89b A70 Al10 A212b 

Flange Firebox (Bes.) (Bes.) 

Free Nitrogen 22 21 say 120 17 

Factor 
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Treatment Properties 101 

As received Yield point, psi. 40.2 

Ultimate strength, psi. 57.1 

Elongation, % 30.5 

Reduction in area, % 83.4 

3 hr., 1800° F. Yield point, psi. 63.4 

Ultimatestrength, psi. 95.5 

Elongation, % 9.4 

Reduction in area, % 44.9 

3 hr., 1900° F. Yield point, psi. 69.6 
Ultimate strength, psi. 75.6* 


* Broke in fillet. 


Stresses in 1000 psi. 2-in. gage length. 


Table 3—Physical Properties of Steel Used. Effect of Quenching Temperatures 


102 104 105 106 107 
39.0 41.4 40.1 52.5 9.3 
58.8 56.5 58.7 78.7 37.3 
29.9 25.6 27.3 23.4 48.0 
65.5 55.5 56.8 47.6 85.3 

61.0 50.4 68.7 

89.5 80.9 96.9 

12.5 15.6 9.4 

39.6 48.0 48.8 

78.7 99.4 103.5 

81.7* 109.5 105.6 


the forward progress of cracks. Carbon also exerts an 
influence on nitride formers such as titanium and vanad- 
ium. It is not surprising that carbon plays a negative, 
or inhibitive, role in cracking despite the fact that it is 
known to cause the aging and the yield point phenomena 
of steel. 

The bulk of the evidence on strain aging shows the 
precipitation of both iron nitride and carbide to be the 
cause and shows that Os has little direct effect. 
This has been confirmed. Koester™ has explained that 
the precipitation of carbide robs the steel of the energy 
needed to precipitate the nitride. 

It has been shown that cementite is cathodic to ferrite” 
and thence it would block the progress of cracks. There- 
fore since the carbide could not participate in the cracking 
reaction, and might hinder the precipitate of nitride, one 
would expect that carbon might exert a retarding force 
upon the progress of cracking. 

This retarding effect is in agreement with the results of 
Nehl and Werner“ and Houdremont, Bennek and 
Wentrup.* Each showed that an increase in carbon 
occasioned an increase in the resistance to cracking. 

It has been shown that increased carbon causes a reduc- 
tion in the aging susceptibility of steel. The results of 
Eilender, Cornelius and Knueppel® demonstrate this 
effect. They employed the same measure of aging as 
was employed above—namely, the percentage decrease 
in impact values. Plots were made between nitrogen 
and the extent of aging, using steels with constant carbon 
contents. These figures showed that a constant nitro- 
gen, the extent of aging, decreased with increasing carbon. 
This result was verified by Koester who employed the 
change in the coercivity of low-carbon steels as a measure 
of the-extent of aging. 

The fact that increasing carbon contents reduce the 
extent of aging is in agreement with observation that in- 
creasing carbon contents reduce the stress-corrosion 
susceptibility. The accelerated precipitation theory can 
easily explain this relationship. 


Development of Experimental Procedure 


The theory that stress corrosion is caused by the pre- 
cipitation of iron at the grain boundaries and that’such 
precipitation is accelerated by the high stresses near the 
bottom of a crack appears to be well grounded. The 
experiments of others afford little that is not in agreement 
with the present theory. However, this theory has not 
been subjected to a crucial test. Final confidence in the 
theory must await such proof. 

Prominent in the discussion of the theory was the state- 
ment that the precipitation of iron nitride was the cause 
of cracking. Then if nitrogen plays the important role 
im cracking, whatever affects the quantity of dissolved 
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nitrogen in the steel must also affect the cracking resist- 
ance of the steel. Such is the action of aluminum and 
titanium. 

The importance of nitrogen suggests a test of the pro- 
posed mechanism. If nitrogen could be eliminated from 
the steel, then cracking should stop. This test has been 
made; the result was no cracking. Further than that, 
the nitrogen was reintroduced and the cracking tendency 
returned. 

Additional tests of the mechanism have been made 
with satisfactory results. The cracking has been demon- 
strated to be electrochemical in nature. Samples were 
permitted to crack in the nitrate, and the progress of 
cracking was halted by the application of an external 
voltage. When the flow of current was stopped, the 
cracked specimens ruptured rapidly. Another con- 
firmation consisted of showing that applied stresses near 
the yield point accelerated the precipitation reactions. 


Material Used 


For testing susceptibility to cracking, four different 
heats were used: two basic open hearth, meeting 
A.S.T.M. A 89b and A 70 specifications for boiler plate, 
and two Bessemer steels. Two additional basic open- 
hearth steels were used in age-hardening tests. These 
steels met A.S.T.M. A 10 and A 212 specifications. The 
detailed chemical analyses of these steels are given in 
Table 2. 

A special nonaging steel secured from Carnegie-IIlinois 
Steel Corp. was used in the test of cracking mechanism. 
This steel, No. 107, was produced by the patented process 
of Gensamer.“ In it, the carbon and the nitrogen are re- 
duced to a minimum by a heat treatment in a stream of 
wet hydrogen. 

The tensile properties of these steels, listed in Table 3, 
were determined before and after quenching from the 
indicated temperattires. After being heated 3 hr. and 
quenched in water, strips of the steels were machined to 
suitable size and the additional surfaces dressed on a belt 
grinder. 

The studs used are quarter-inch stove bolts cold formed 
from S.A.E. 1010 steel wire. For the weight loss tests 
employed in conjunction with those of cracking suscepti- 
bility, small coupons of a mild steel and of Armco iron 
were used. The corroding solutions were made from re- 
agent grade chetnicals dissolved in distilled water. 


Conditions for Cracking 


In this section the selection of the methods of this re- 
search will be discussed. The corroding solutions and the 
specimen were selected from several possibilities. The 
least corrosive solution was selected after it was shown 
that it caused rapid cracking.’ The typical stress- 
corrosion sample is shaped while cold and hence little is 
known about the internal stresses. Knowledge of the 
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Fig. 5—Arrangement of Flasks and Condensers in the Test Unit 


stress at the point of cracking was considered desirable. 
Therefore a specimen was chosen which had a large area 
of constant stress.' This specimen was also convenient 
to handle. 

(a) Preparation of Specimens.—In preparing the speci- 
mens for tests of susceptibility to cracking, samples were 
cut from prepared channel-shaped specimens by a milling 
machine cutter. Steel plates '/, x 9 x 18 in. were bent 
in a brake to form a channel having the approximate size 
of 6 x 18 in. with an outside radius of '/: in. at both 
bends. These formed pieces were stress relieved by being 
heated 3 hr. at 900° F. and then furnace cooled. They 
were descaled. In this condition, specimens were subse- 
quently heat treated, descaled and ground to 120 grain 
finish on a belt grinder. This surface appears to be suit- 
able since surface corrosion was light and the cracks were 
easily discernible. 

(b) Application of Stress.—Suitable stress is applied 
to the corrosion specimens by a lever arm device. This 
apparatus and the arrangement of nuts on the tie rod 
have been described before.';? When loading, care must 
be taken so that the nut inside the span does not par- 
tially support the load. In such a case, the calculated 
stress in the outer fiber would be too high. 

The calculated stress was experimentally checked using 
a Baldwin Southwark Type SR-4 electrical strain gage.* 

(c) Estimation of the Yield Point.—Individual speci- 
mens of the cracking tests were loaded to a fraction of 
their estimated yield points. The yield points of these 
samples were found to vary although they were from the 
same heat of steel and were given the same heat treat- 
ment. Better accuracy was expected by using the 
estimated yield point of the individual samples.’ 

(d) Immersion of Specimens.—The loaded specimens 
were fully immersed in the test solution which was con- 
tained in a wide-mouthed, 2-liter Erlenmeyer flask. 

A photograph of the test equipment is shown in Fig. 5. 
The condensers are bulb shaped. The flasks are sealed 
by the condensed water which fills the space between the 
flask and the condenser. Thus the outward diffusion of 
steam is halted. These water seal condensers are quite 
satisfactory in minimizing solution loss. The specimens 
are inspected at least once a day. They are removed 
and washed. Then they are dried in a drying oven. 
They are visually inspected. If no cracks appear then 
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they are examined in a magn 


treated specimens of numbers 


aflux unit, the uncracked 
specimens are reimmersed in the flasks. 


Effect of Stress 
To investigate the effect of applied stress, identically 


101, 102 and 104 steeis 


Table 4—Summary ef Experiments Sho 


wing the Effect 
Applied Stress on Cracking Time s 
Stress, % 
Specimen Estimated Hours No. of 
No. Yield Point Tested Cracks 
102 Steel, Quenched 1900° F. in Brine 
32-3 50 475 0 
32-2 57 475 0 
32-5 82 115* 0 
32-1 92 475 0 
32-4 98 39 1 
102 Steel, Quenched 1900° F., Aged 280 Hr. 

25-2 74 21° 3 
25-3 94 21 10 
104 Steel, Quenched 1900° F. in Brine 
30-4 91 24* 20 
30-1 100 lit 1 
30-2 lll 24 15 
30-3 120 20 
104 Steel, Quenched 1900° F., Aged 280 Hr. 

26-1 43 100* 0 
26-2 62 100* 0 
26-3 61 100* 0 
29-7 90 16 10 
104 Steel, Quenched 1900° F., Annealed 1300° F. Air Cooled 
30-5 110 26 50 
30-6 120 26 100 
101 Steel, Quenched 1900° F. in Brine 
31-2 67 594 0 
31-3 69 594 0 
31-6 77 594 0 
31-1 78 594 0 
31-4 80 78* 0 
31-5 96 115 2 
105 Steel, Quenched 1900° F. in Water 
41-1 89.0 378 0 
41-2 85.1 378 0 
41-3 90.0 378 0 
41-1 95.1 378 0 
C-1 103.8 164 1 
C-2 111.7 145 2 
105 Steel, 10 Hr. at 1500° F., A. C.; Quenched from 1900° F. 
37-3 104 305 0 
37-1 112 305 0 
37-2 120 111* 0 
37-4 130 146 1 
105 Steel, Quenched 1700° F. in Water 
39-1 52.0 306 0 
39-2 58.0 306 0 
39-3 63.0 306 0 
39-4 64.0 306 0 
39-5 64.5 + 306 0 
104 Steel, Quenched 1700° F. in Water 
41-1 104.0 19!/; 2 
41-2 114.0 19'/, 5 
41-3 123.0 8 
41-4 125.0 
102 Steel, Quenched 1700° F. in Water’ 

40-1 50.4 306 0 
40-3 54.5 306 0 
40-2 58.5 306 0 
40-4 61.5 306 0 


* Rod cracked; test discontinued. 


t Single rupture crack in bend of the specimen, exact stress 


unknown. 


All specimens quenched in brine after 3 hr. at 1900° F., immersed 
in mixed calcium and ammonium nitrate test solution. 
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of nitrogen showed interesting re- 
sistance. Not only was this mate- 


rial sharply bent before immersion, 
but samples were water quenched 


375 


\e 


after being heated at 1900° F., 


for */, hr., and cold bent before 
loading and immersing. These 


325 


samples failed to crack in the 


usual test period. The reintroduc- 


275 


tion of nitrogen, as was expected, 
does not necessarily reduce the re- 
sistance of these purified steels. 


When nitriding is done at subcri- 
tical temperatures, high compres- 


BRINNELL HARDNESS 


sive stresses are left in the case.” ® 
However, if the nitrided steels are 


stress relieved at temperatures 


above the critical, softening results 
from the partial decomposition of 


Fig. 6—Aging of Unstressed Samples at 60° C.? 


were tested with slightly different stresses, all in the 
neighborhood of 90% of the yield point. These data 
have been summarized in Table 4 in order to show the 
effects both of aging and of applied stress. 

By aging the 102 specimens, the threshold stress was 
lowered from approximately 98% to less than 73%. 
From the group of tests with laboratory No. 102 steel it 
is not possible to tell much about the lowering of the 
critical stress. The subcritical annealing of steel after 
quenching from 1900° F. has been reported to raise the 
resistance substantially.“* However, it caused the 
specimens to crack abundantly when they were loaded 
into the plastic range. In summary it might be said that 
whenever the total stresses exceed approximately 90% 
of the yield point, cracking becomes rapid. 


Verification of Mechanism of Stress Corrosion 


The correlation between stress corrosion and age hard- 
ening was verified in three ways: (a) by proving that 
applied stresses accelerate age hardening, (b) by demon- 
strating that aging lowers the threshold stress and (c) by 
showing that the elimination of nitrogen produces a re- 
sistant steel and that the reintro- 
duction of nitrogen by nitriding 


the nitrides and of the stress relief. 
Stress-relieved samples may be 
easily cracked. 


Effect of Stress on Age Hardening 


These experiments in aging of the mild steels were 
undertaken in an attempt to correlate the susceptibility 
of the steel to precipitation hardening and its resistance 
to cracking by stress corrosion. 


In studying the effect of the solution heat treatment on 
the aging, samples of the steels were quenched in brine 
after being heated 3 hr. at 1700 and 1900° F. All these 
samples showed a considerable increase in hardness when 
aged at 60° C. The results of a few of these precipita- 
tion-hardening tests are presented in Fig. 6. All the 
incubation periods are of about the same order of magni- 
tude except for steel 105 quenched from 1900° F. The 
change in hardness due to aging occurred in the period 10 
to 100 hr., but softening requires about 4000 hr. 

A number of tests were made on previously tested 
samples that had been heated 3 hr. at 1900° F. and 
quenched in brine. The aging of these samples was 
carried out at 105° C., which is the boiling point of the 
mixed nitrates solution. Prior to aging, the specimens 
were loaded to varying stress levels of 40,000 to 50,000 


psi. 
The results of Fig. 7 show that there was’a*marked 


causes the steel to be susceptible 


anew. This last experiment is far 


87 


the most important of this entire 


thesis. 

A portion of the results obtained 
from studying the age-hardening 
process shows that the aging of 


83 


No. 104 steel is rapid and that the v9 


incubation period of No. 105 steel 
is long. The rates of cracking 
show a similar relation: 104 steel 


cracks in a fifth of the time 105 


Steel requires. It is noteworthy 


that the free nitrogen factor for 
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these steels are 120 and 17, respec- 
tively. The steel number marked 
104 cracks easily after the several 
heat treatments employed. This 
1s dnother contrast between No. 104 


102 


38,000 psi 


1900° F. 


77 


and No. 105 steel. 


The non-aging steel which was ' 
hydrogen treated so as to be free 
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Fig. 7—Effect of Applied Stress on Aging at 105° C.* 
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acceleration of the precipitation cycle. Because of over- 
aging the stressed specimens softened in less than 100 hr. 

Because of the concentration of stress, the total stress 
in the vicinity of a crack is approximately twice as large 
as the applied load. Overaging, as indicated in Fig. 7, 
occurred in about 40 hr. after quenching from 1900° F. 
But the time required for the complete separation of the 
solid phases, as required by stress-corrosion cracking, is 
of the order of 10 hr. Apparently the applied stresses, 
that were employed in these tests, which are certainly 
less than those around a crack were inadequate to accel- 
erate the precipitation reaction to such an extent. 


Effect of Aging on Critical Stress 


From the mechanism of stress corrosion postulated 
above—namely, that the combined applied and residual 
stresses accelerate the precipitation reaction—one may 
infer that less stress should be needed to form stress- 
corrosion cracks in an aged steel than in a freshly 
quenched sample as much less stress should be needed to 
form the precipitate. The first part of the results listed 
in Table 4 emphasize this inference. 

By aging the 102 specimens, the threshold stress was 
lowered from approximately 98% to less than 73%. Itis 
not possible to tell much about the lowering of the 


critical stress, from the group of tests with laboratory 
No. 102 steel. 


Effect of Nitrogen on Stress Corrosion 


As was shown in the chapter dealing with theory in this 
report, nitrogen is an extremely important element in the 
stress-corrosion reactions. It was thought to be at least 
partially responsible for boiler embrittlement. Stress 
corrosion was thought to be a result of age hardening, and 
nitrogen was shown to cause age hardening. The elimi- 
nation of nitrogen by the method of Gensamer® should 
produce a material that would almost completely resist 
stress corrosion. It was further shown by Low and 
Gensamer® that hydrogen-treated steels may be cold 
rolled 10% and annealed in air for a short time without 
the return of aging. 

Hydrogen-treated steel is now being produced in semi- 
commercial quantities under the patent assigned to 
Carnegie-Illinois Steel Corp.“ A sample of such a steel, 
designated laboratory No. 107, was obtained and rather 
severely treated. Duplicate samples were formed cold 
into the channel shape illustrated in Fig. 8, loaded into 
the plastic range and tested in the nitrate solution. 
Another group of specimens were annealed in air at 
1900° F. for */, hr., water quenched and then were 
loaded into the plastic range before being tested. Nei- 
ther of these groups, as the results of Table 5 show, 
cracked in the usual test period of three hundred hours. 

The reintroduction of nitrogen should be detrimental to 
the stress corrosion resistance of the hydrogen-purified 
steels. The results of Athavale and Eilender® seem to be 
anomalous. They found that nitriding for a short time 
lowered the resistance of the resistant steels and increased 
the resistance of the susceptible steels. The resistant 


Fig. 8—Channel-Shaped Specimen 
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Table 5—Resistance of Hydrogenated Specimens 


Stress, % 
Estimated Time No. of Brinell 
Treatment Vield Point Tested Cracks No. 
Cold bent 159 1248 0 
Cold. bent 172 1248 0 
1900° F., w.q. 173 1112 0 65 
1900° F., w.q. 162 1112 0 63 


steels with abnormally high aluminum contents prob- 
ably formed some iron nitrides, although most nitrogen 
combined with the aluminum, whereas the poorly resist- 
ant steels might well have formed a sufficient case of 
compressive stresses to enhance their resistance. It is 
noteworthy that these research workers did not anneal 
the specimens above the critical temperature so as to 
stress relieve them. 

It was shown that nitriding can inhibit cracking. 
Duplicate samples of the hydrogen-treated steel were 
nitrided in a mixture of ammonia gas and water pumped 
nitrogen for 2 hr. between 475 and 500°C. Wet nitrogen 
was used to minimize traces of oil that might simultane- 
ously carburize the samples. This constitutes treatment 
A. Duplicate samples of No. 107 steel, which were used 
in treatment B, were nitrided under very similar condi- 
tions and then they were annealed in the air for 24 hr. at 
750° C. and air cooled. The case of these specimens 
spalled off, as is indicated by the low hardness value—an 
increase of only ten points over the Brinell hardness of 
the plain hydrogen-treated steel. It is probable that this 
resultant material had only a little more nitrogen than 
the original No. 107 steel. The treatment C consisted 
of nitriding duplicate specimens in the ammonia-nitrogen 
mixture for 20 hr. at approximately 525° C., annealing 
them in nitrogen for 20 hr. at 975° C., annealing at 750° 
C. for several hours and then furnace cooling. These re- 
sults given in Table 6 show that, with adequate nitriding 


Table 6—Effect of Nitriding on the Susceptibility to 


Stress, % 
Estimated Brinell Time No. of 
Treatment Vield Point No. Tested Cracks 

A 165 “i 248 0 
A 165 + 248 0 
B 148.2 65 112 0 
B 149 63 112 0 
Cc 163 113 14'/; 2 
165 123 64 
H, 271 57 4200 0 
H: 215 50 4200 0 


* Crack detected early, but did not grow. 

A—nitrided 2 hr., air cooled. 

B—nitrided 2 hr., annealed 20 hr., air cooled. [ 
C—nitrided 20 hr., annealed 20 hr. in Ne, furnace cooled. 
H,—Control specimens. 
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and opportunity for diffusion into the core, cracks will 
occur when nitrided steels are tested in nitrates. It is 
thus unquestionably true that nitrogen is intimately re- 
lated to the cause of stress corrosion. 

The precipitation mechanism of stress corrosion has 
been verified by both theory and experiment. 
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URING the past few years there 
have been numerous publications on 
the development and use of direct trans- 
formation data, known as TTT curves or 
S curves, in heat-treating steels. Some of 
these have been primarily concerned with 
the application of these principles to weld- 
ments. Aborn! has shown the effect of 
the transformation characteristics of the 
parent metal on the required rate of cool- 
ing to prevent excess hardening of the 
heat-affected zone for some steels. Pugacs, 
Siegel and Mack? and Hoyt* have cor- 
related bend ductility and hardness with 
direct transformation data on constant 
temperature postheating. R.P.I.4 and 
Lehigh® have shown that by varying the 
welding conditions of a given joint it is 
possible to vary the cooling rate to the 
extent that a heat-affected zone of the re- 
quired ductility may be obtained in the 
more commonly welded steels. Regard- 
less of the procedure used to determine 
methods of obtaining satisfactory ductil- 
ity in the heat-affected zone of welded 
joints, all such procedures are funda- 
mentally related to the transformation 
characteristics of the base metal. 
Investigations concerning welding have 
dealt mainly with low-carbon, low-alloy 
steels which are comparatively easy to 
weld. Either no preheat or a low tem- 
perature preheat, and no postheat have to 
be used. There has been little general 
work which correlates the preheat tem- 
perature necessary to prevent cracking 
and the postheat cycle to assure a ductile 
heat-affected zone for the average deep- 
hardening steel. Often a preheating 
Sone temperature, much higher than required, 
has been used. This would prevent 
Fe cracking but would cause the welding 
— operator unnecessary discomfort. More 
hee rest time would have to be allowed for the 
ce man, which slows down production. Many 
e times ineffectual or needlessly long post- 
: heats have been used in an effort to obtain 
* Crucible Steel Co. of America. 
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ductile heat-affected zones. Improper 
treatments require excess furnace time, or 
result in brittle heat-affected zones. By 
the proper utilization of TTT curves, 
which are available for numerous deep- 
hardening steels, correct preheating and 
postheating procedures may be deter- 
mined. 

The object of this paper is to show 
methods of obtaining preheat tempera- 
tures to prevent cracking during arc weld- 
ing of deep-hardening high- and low- 
carbon steels, and postheating cycles to 
produce the required ductility in the heat- 
affected zone for the service conditions 
expected of the weldment. These treat- 
ments will be determined from TTT 
curves. In addition, the same ideas will 
be applied to weld metal. It is not in- 
tended to present any research data here 
“but instead to give examples of welding 
treatments which have produced satis- 
factory results on maintenance and pro- 
duction welding of tools and production 
welding of deep-hardening weld deposits 
and to explain the principles behind these 
treatments. 

Although descriptions of TTT proce- 
dures have already been published*®~® it is 
felt that it would be well to outline briefly 
the mode of construction of the TTT 
curves used in this paper as an aid in ex- 
plaining the use and meaning of the curves. 
All curves illustrated here were obtained 
by hardness and metallographic observa- 
tions. It should be emphasized now that, 
for each steel, the austenite formed at the 
hardening temperature requires a different 
time to transform to pearlite or bainite 
at each subcritical temperature and that 
no two grades have the same type of trans- 
formation curve. 

To obtain the TTT curve for any steel, 
small pieces of the steel of the desired 
grade are heated in a furnace to the aus- 
tenitizing or “hardening’’ temperature 
used for that grade and held the desired 
length of time at heat. They are then 
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transferred to another furnace or high- 
temperature bath and held at heat at some 
temperature below the critical tempera- 
ture of the steel for varying lengths of 
time. The times chosen are usually a geo- 
metric progression such as 1, 2, 4, 8, 16, 
etc., min. After being held the desired 
times, the samples are quenched to room 
temperature and examined for hardness 
and microstructure. Any austenite re- 
maining in the sample after being held at 
the subcritical temperature is transformed 
to martensite by the quench. If the time 
held at heat is insufficient for any austen- 
ite to transform to a ferrite, carbide 
aggregate at that temperature, the mar- 
tensite formed from the remaining austen- 
ite by quenching has the same hardness 
as the martensite formed by quenching 
directly from the austenitizing tempera- 
ture. If the time is sufficient for some 
transformation product to form from the 
austenite, the microstructure on quench- 
ing consists of the transformation product 
which is unaffected by quenching, and 
martensite. This process is continued 
until samples have been obtained showing 
a slightly and a completely transformed 
product at the given temperature. The 
transformation product is easily dis- 
tinguished from martensite on microscopic 
examination and also the hardness of the 
piece decreases as transformation pro- 
ceeds. The approximate times of the start 
and completion of transformation are re- 
corded on a chart. The same procedure is 
then repeated for some other subcritical 
temperature. After all the desired tem- 
peratures have been investigated, lines are 
drawn through the points on the chart 
which indicate the times of beginning of 
transformation and end of transformation 
at each temperature. If no transformation 
or only partial transformation is noted 
after the lapse of a reasonable time at the 
subcritical temperature, work at this 
temperature is stopped and transforma- 
tion is carried out at another temperature. 
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Fig. 1—Halcomb 218, Annealed. Austenitizing Temperature 1850° F. Critical (Acl) 
emperature 1505° F. C 0.38, Mn 0.53, Si 1.08, Ni 0.30, Cr 5.00, Mo 1.15, V 0.08 


Runs are seldom made for longer than 20 
hr. at any temperature and often for less 
than that. The above method is satis- 
factory for most steels for any tempera- 
ture between 500° F and the critical tem- 
perature of the steel. ; 


At temperatures below 500° F., the 
procedure must be altered since it is very 
difficult to distinguish the transformation 
product, bainite, from the martensite 
forraed from austenite by quenching to 
room temperature, either by hardness or 
metallographic investigation. A quench- 
temper method suggested by Greninger 
and Troiano” is employed for these tem- 
peratures. Pieces are austenitized, 
quenched to and held at the temperature 
at which transformation reactions are de- 
sired, immediately transferred to a bath at 
higher temperature to temper the marten- 
site and bainite formed in the first bath, 
and then quenched to room temperature. 
The selected tempering temperature is 
one at which austenite does not transform 
in a short time and at which the trans- 
formation products are tempered in a 
short time. This additional tempering 
step permits the distinguishing ‘of the 
transformed product (formed at the trans- 
formation temperature being investi- 
gated) from the martensite (formed during 
final quenching) by metallographic means. 
At these lower temperatures where mar- 
tensite is formed directly on quenching 
the construction of the chart is somewhat 
modified from the construction used at 
higher temperatures. Lines marked with 
the percentage of martensite formed di- 
rectly on quenching are drawn from the 
left-hand edge of the chart and continued 
to approximately the time where iso- 
thermal transformation commences. The 
right-hand line indicates the completion 
of the transformation of austenite to bain- 
ite as in the upper sections of the curve. 
The lines marked M, and My indicate the 
approximate temperatures of the first 
formation of martensite and the formation 
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of approximately 100% martensite, re- 
spectively. Percentage signs at the lower 
right side of the chart show the per cent 
austenite transformed at the time and 
temperature indicated. 

An illustration of how the TTT chart 
may be interpreted is in order. If a piece 
of the chromium, molybdenum hot work 
steel (use Halcomb 218, Fig. 1) were 
austenitized at 1850° F. then quenched to, 
and held at, 1400° F. it would remain 
completely austenitic for approximately 15 
min. Transformation of the austenite toa 
ferrite, carbide aggregate commences at 
this time and proceeds for approximately 
4hr. After 4 hr. the steel is completely 
transformed and may be cooled to room 


temperature by any desired method from 
water quenching to furnace cooling with- 

out altering the structure or hardness of 

the steel. If a holding time of only 3 hr. 

were used, the steel would still be par- 

tially austenitic and this phase would 

transform to martensite on quenching to 

room temperature. 

If this steel were quenched from 1850 
to 300° F., about 80% of the austenite 
would transform immediately to marten- 
site. When held for approximately 45 sec. 
the remainder of the austenite would com- 
mence to transform to bainite. This 
transformation would be complete after 
approximately 12 hr. 

It should be emphasized here that the 
formation of martensite depends entirely 
upon temperature, not on holding time. 
If more martensite is desired than that 
present at a given temperature, further 
cooling is the only method of obtaining 
it. It must always be kept in mind that 
tempering of a steel before it is completely 
transformed tempers only the part that is 
transformed but does not affect the re- 
sidual austenite. For instance, if a piece 
of the steel, the curve of which is shown in 
Fig. 1, were quenched from 1850 to 400° F. 
and tempered immediately at 1000° F. 
for 2 hr., only 20% of the structure would 
be tempered. The remaining 80°, would 
transform to martensite on cooling from 
the temper and the steel would have low 
ductility. 

Martensite points of steels are depend- 
ent upon analysis. MM, points for steels 
which form a homogeneous austenite in the 
heat-affected zone during welding may be 
calculated approximately from the for- 
mula developed by Payson.’ 

M, in °F. = 930 —570 (% C) —60 
(% Mn) —50(% Cr) —30 (% Ni) —20 
(% Si+ % Mo+ 

This formula would apply if the austenite 
of a steel were homogeneous when held at 
2100° F. for half an hour which, accord- 
ing to Doan, approximates the treatment 
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Fig. 2—Airdi 150, Annealed Austenitizing Temperature 1800° F. Critical (Acl) 
Temperature 1490° F. C 1.55, Mn 0.27, Si 0.45, Cr 11.34, Mo 0.53, V 0.24 
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of the heat-affected zone. If the aus- 
tenite is not homogeneous under these 
conditions, the formula would not apply 
since the elements not in austenite solu- 
tion would not affect the M, point of the 
steel and the calculated value would be 
lower than the actual value. In general, 
it may be considered that M; points for 
welding may be calculated for most low- 
alloy oil and water-hardening steels, but 
the M, points for high-alloy tool steels 
such as high-speed and _ high-carbon, 
high-chromium steels may not be cal- 
culated. The Ms point of the heat- 
affected zone of high-speed steel would 
be somewhat higher than that shown on 
the chart in Fig. 6 since an austenitizing 
temperature higher than 2100° F. was 
used which would result in greater car- 
bide solubility than would the temperature 
of welding. On the other hand, the M, 
point of the 1.50% C. 12% Cr tool steel 
shown in Fig. 2 lane Airdi 150) is much 
lower in the heat-affected zone than is 
that shown on the chart, since the chart 
was made from a steel austenitized at 
1800° F. As a matter of fact, this grade 
produces only a trace of martensite at 
80° F. from an austenitizing temperature 
of 2100° F. The M, points of the steels 
shown in Figs. 3, 4 and 5 (use Cr Mn, 
4342, Cr Ni) may be calculated fairly 
closely. Generally the My point of a 
steel is 325 to 475° F. below the M, point. 

The importance of the study of mar- 
tensite reactions in steel to preheating is 
evident when it is recalled that it has been 
fairly conclusively proved that heat-af- 
fected zone cracks are in part due to the 
diffusion into the heat-affected zone of 
hydrogen formed during welding. The 
combination of lowered hydrogen solu- 
bility as the steel cools and the lower solu- 
bility of hydrogen in martensite than in 
austenite, results in hydrogen being re- 
jected from solution during cooling. In 
this way a considerable gas pressure in 
the martensite is produced. This tends 
to result in fracture. 
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Fig. 4—-SAE 4342, As-Rolled. Austeniti 
Temperature 1305° F. C 0.42, Mn 0.68, P 


TIME 


Temperature 1500° F. Critical (Ac]) 
.017, S 0.025, Si 0.18, Ni 1.74, Cr 0.81, 


Mo 0.29, Cu 0.10. 


Steels containing over approximately 
0.40 carbon tend to fracture when they 
are cooled rapidly through the tempera- 
tures of martensite formation due to 
volumetric changes caused by thermal 
contraction and the expansion caused by 
formation of martensite from austenite. 
The outside of the steel which is at a lower 
temperature expands through martensite 
formation at a time when the center is at a 
temperature above the M, and is still con- 
tracting due to thermal cooling. This 
tends to rupture the steel in the center. 
After the outside sections have formed 
martensite, the center part on further 
cooling expands, due to martensite forma- 
tion, which tends to crack the outside 
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Fig. 3—Mn Cr Steel, Annealed. Austeniti 


Temperature 1335° F. C0.38, Mn 
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layers of steel which are already mar- 
tensitic and have little ductility. 

The use of a preheat for any steel slows 
down the cooling rate of the heat-affected 
zone because the heat is not transferred 
from the heat-affected zone to the main 
body of the parent metal as rapidly as 
when there is no preheat, due to a smaller 
temperature gradient between the two 
sections. For shallow hardening steels 
this decrease in cooling rate is often suf- 
ficient to cause transformation to take 
place at high temperatures, which results 
in a ductile heat-affected zone without the 
necessity of a postheat cycle. 

_ For deep-hardening steels, the use of a 
preheat serves the purpose of slowing down 
the rate of formation of martensite and 
controlling the quantity of martensite 
formed since no transformation takes place 
at high temperatures. By the effect of 
the preheat on the martensite reaction, 
the suddenness of the volumetric changes 
in the steel is decreased. Preheating 
permits the evolution of some of the hy- 
drogen present in the steel, since raising 
the temperature decreases the hydrogen 
content of the steel as shown by Zapffe 
and Simms.'! These phenomona reduce 
the internal stresses in the heet-affected 
zone caused by welding. In addition, 
internal stresses due to differential con- 
traction of the base metal and weld metal 
are somewhat reduced. The above state- 
ments apply to deep-hardening weld metal 
such as Types 410 and 502 stainless steel, 
as well as parent metal. 

Cottrell, Winterton and Crowther’? 
have presented data on parent metal 
cracking temperatures together with the 
martensite formation temperatures for 


unpreheated steel which indicate that for a 


0.35 C, Cr, Ni, Mo steel and Type 502 
stainless,steel, cracking occurs below the 
My temperature in the heat-affected zone 
when a high-tensile welding rod is used. 
They report that a delaying temperature 
of 300° F. for 10 min. is sufficient to pre- 
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Fig. 5—Modified SAE 3360 Annealed. Austenitizing Temperature 1800°F. Critical 
(Acl) Temperature 1280° F. C 0.60, Mn 0.39, Si 0.26, Ni 3.29, Cr 2.22 


vent cracking the CrNiMo steel and a 
400° F. preheat prevents cracking on both 
grades. 

The M;, points used below may either 
be calculated as outlined previously or 
obtained from a TTT curve on which a 
suitable austenitizing temperature was 
used. 


For steels 0.45 carbon and below: 


A. For highly stressed welds with 
mild steel rod, use 500° F. or 
the M, point, whichever is 
lower. Large jobs using aus- 
tenitic electrodes also fall into 
this classification. 

B. For most welding applications where 
the stresses are not particularly 
high, use 300° F., under which 
condition approximately 10% 
martensite is retained. 


2. For steels over 0.45 carbon: 


A. For high and medium stressed 
welds, use 400° F., which is ap- 
proximately the M; point or 
above. Use this temperature 
for all welds on annealed high- 
speed steel. 

B. ¥or overlays and build-ups use 
250° F. for steels over 0.70 
carbon, 350° F. for steels be- 
tween 0.45 and 0.70 carbon. 

C. For hardened steels which are 
sensitive to cracking on double 
hardening when notches occur 
near the area of the weld, use a 
temperature as near the tem- 
pering temperature as possible. 
SAE 652100, high speed, and 
straight carbon tool steels 
come under this classification. 

D. For unnotched hardened high 
speed use 800° F. ° 


For large welds on steels under 0.45 
carbon as in the welding together of two 
14-in. round bars, no attempts have been 
made to use preheats below 500° F. or the 
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M, point since such work is rather infre- 
quent and too much cost is involved in 
case of failure. Safety has been the main 
criterion. For less highly stressed welds, 
a preheat temperature which results in 
approximately 10% residual austenite 
(90% martensite) in the heat-affected 
zone has prevented fracturing. 


For steels over 0.45 carbon, lower pre- 
heats than mentioned under 2A are not 
employed for stressed welds since at some 
distance away from the weld a low aus- 
tenitizing temperatufe produces a high 
M; point. The martensite thus formed 
might fracture under heavy stress at low 
preheats. 


For steels listed under 2B the additional 
division of 0.70 carbon has been made to 


keep the preheats more in line with mar- 
tensite points. With steels over 0.70 
carbon the M, from a 2100° F. austenitiz- 
ing temperature is usually about 250° F, 
or below. 

For steels listed under 2C and 2D, the 
reason for the high preheat desired is the 
fact that such steels are sensitive to crack- 
ing in the hardened state under conditions 
which cause a rapid fluctuation of tem- 
perature. This is especially true when 
notches are present. The high preheat is 
used solely to decrease the temperature 
gradient. If slightly higher preheats than 
the tempering temperature would not 
ruin the tool, they should be used. Even 
at high preheats there is no guarantee 
that cracks will not develop at the notched 
section. Gas welding is usually much 
safer under these conditions 

It is interesting to note that our experi- 
ence has been that high-carbon, high-alloy 
steels do not as a rule require higher pre- 
heating temperatures than lower-carbon 
deep-hardening steels. This is contrary 
to the generally accepted belief in the 
welding industry, but according to our re- 
sults and the principles behind our prac- 
tice, this procedure is correct. As an ex- 
periment, a 1.5% C, 12% Cr die steel has 
been successfully overlayed with mild 
steel rod, using no preheat. Room tem- 
perature is approximately the M, point 

for this grade. However, it is felt that a 
better practice would be to use a 250° F. 
preheat. 

If a large number of the same type welds 
are to be made on a deep-hardening grade, 
it may well be possible to determine lower 
preheats than those outlined for the par- 
ticular process. Generally, it may be 
said that lower preheats may be applied 
if rods containing all mineral coatings are 
used than would be applied if rods con- 
taining organic coatings are used, since 
these latter coatings cause greater hydro- 
gen content in the arc atmosphere. 

After being welded, steels below 0.45 
carbon are either cooled to room tempera- 
ture and tempered, or charged imme- 
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Fig. 6—Rex M2, Annealed. Austenitizin 
Temperature 1530° F. C 0.80, Mn 0.24, 
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Temperature 2250° F. Critical (Acl) 
i 0.29, Cr 4.15, Mo 4.94, V 1.89, W 6.64 
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diately into a furnace for direct transfor- 
mation treatment—whichever is desired. 
In the direct transformation treatment 
any martensite formed during welding is 
tempered at the transformation tempera- 
ture. If no heavy impact or shear and 
tensile stresses on the fusion zone are en- 
countered in service, such steels do not 
usually have to be postheated. For 
heavy sections, direct transformation 
treatments are preferred. 

Steels containing over 0.45 carbon are 
not permitted to cool below 125° F. be- 
fore being charged into a furnace for di- 
rect transformation or double temper. 
It is probable that some steels in this 
category may be cooled to room tempera- 
ture before postheating but it is not a good 
general practice as cracking may develop. 

For deep-hardening weld deposits such 
as 4/6, 7/9 and 12% chromium steels, 
the deposits are not permitted to cool be- 
low 300° F. if there is much stress on the 
weld because the martensitic structure 
coupled with the columnar structure of 
such deposits is prone to cause cracking 
in the deposit. The special case of Type 
430 will be discussed later under this 
grade. 

Martensite reactions are important in 
proper postheating since the progress of 
this reaction determines whether direct 
transformation treatments, single temper 
or double temper should be used. If the 
My point of the steel or weld metal is be- 
low room temperature or below the tem- 
perature to which the weldment is per- 
mitted to cool after welding, it would be 
unsatisfactory to use a single temper for a 
postheat. This treatment would permit 
the retained austenite to transform to 
martensite on cooling after tempering, 
which results in low ductility of the heat- 
affected zone. In such a case the choice 
of a double temper or direct transforma- 
tion method would be determined by the 
relative furnace times required to get the 
hardness desired or required in the heat- 


affected zone. A double temper at 1000° 
F. or higher produces a satisfactorily 
tempered structure in low My; steel, since 
the first temper not only tempers the mar- 
tensite in the structure after welding but 
also causes carbide precipitation in the re- 
tained austenite which raises the M, point 
of this phase. Under this conditioning 
treatment, the retained austenite trans- 
forms to martensite on cooling from the 
first temper and will be tempered by the 
second heating. 

A temperature below 1000° F. on the 
first temper does not cause carbide pre- 
cipitation in the retained austenite. In 
this case the only benefit derived from 
the second temper is the tempering of 
martensite formed by cooling to room 
temperature after the first temper. If 
the My; point is below room temperature, 
the retained austenite may be transformed 
to martensite by cooling in iced brine or 
some other low-temperature solution and 
then retempering. 

To determine the times to be used for 
direct transformation treatments from 
TTT charts, a reasonable length of time 
over that indicated on the chart is rec- 
ommended since: 


A. The times indicated for completion 
of transformation are not exact. 
B. The heat of steel used for welding 
is seldom the heat from which 
the chart was constructed. 
C. The austenitizing temperature used 
* for the chart is seldom equiva- 
lent to the treatment of the fu- 
sion zone. 


In all questionable cases, an additional 
2 or 3 hr. or 50% of the indicated trans- 
formation time is used — whichever is 
shorter. It should be remembered that 
all times given are at heat. 

The postheating of straight chromium 
weld deposits from 2 to 12%, inclusive, 
presents some interesting ramifications in 
the use of TTT curves. These will be 
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Fig. 7—Lo Cro 46 Mo, Annealed. Austenitizing Temperature 1650°F. Critical (Acl) 
Temperature 1475° F. C0.14, Mn 0.41, $i 0.21, Ni0.19, Cr 5.12, Mo 0.51 
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am in the examples given with Fig, 

The following examples are given \ ith 
the purpose of illustrating the various 
methods of obtaining crack-free and 
ductile fusion zones in deep-hardening 
parent metal. 

In building up the edges of a chromium, 
molybdenum shear blade (3 x 7 x 14 in.) 
used for hot shearing, the following pro. 
cedure was developed from Fig. 1: 


1. Preheat 250/300° F.: 


Approximately 10 to 20% austenite 
will be retained after welding which 
prevents cracking on this build-up 
weld. 


2. Cool to room temperature after welding: 


This is below the M; point so the aus- 
tenite formed in the heat-affected 
zone by welding will be transformed 
to martensite and no double temper 
will be required. 


3. Temper 1100° F.—2 hr. at heat: 


The 1100° F. was chosen in order to 
get the desired hardness for the 
heat-affected zone. A direct trans- 
formation was not used because it 
would take too long for transforma- 
tion to occur at 1400° F. and the 
transformation product would be 
too soft (18 R,) for the service ex- 
pected of the blade. 


Since this particular application con- 
stantly recurs, attempts were made to 
shorten the original treatment by using 
no preheat but retaining the 1100° F. 
temper. Blades treated in this manner 
failed immediately in service by fractur- 
ing in the heat-affected zone. The failure 
was probably due to microscopic cracks 
which were caused by the rapid cooling 
of the fusion zone to room temperature 
after welding. Blades treated with a 


300° F. preheat but no postheat failed in — 


the fusion zone quickly, due to poor duc- 
tility which would not resist the shock 
and shear stress of the operation. 

For welding together lengthwise two 
12-in. long by 1'/:-in. round pieces of 
1.50% carbon, 12% chromium steel, the 
following procedure was obtained from 
Fig. 2: 

1. Preheat 400° F.: 
This is above the M, point of this 
steel for a 2100° F. austenitizing, 


but not above that of the steel 
heated to 1800° F. 


2. Coolto 150° F. after welding: ° 


Contact pyrometers are used to judge 
this temperature but tempil pills or 
sticks would be just as effective. 
Additional martensite is formed 
by this cool from 400° F. 


3. Temper at 1050° F.—? hr. at heat:} 
This tempers all martensite present 
and previpitates carbides from the 
retained austenite, thus raising its 
My point. 
4. Cooltoroom temperature: 
This forms martensite from the re- 
tained austenite. 


5. Temper 1050° F.—2 hr. at heat: 
The remainder of the austenite is 
tempered, assuring a ductile heat- 
affected zone. 
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Fig. 8—Stainless 12, As-Forged. Austenitizing Temperature 1800° F. for Portions 
Above 800° F., 2100° F. for Portions Below 800° F. Critical (Acl) Temperature 
1465° F. C .09, 0.8; Mn 0.44, 0.47; Si 0.27, 0.16; Cr 12.60, 12.86; Mo 0.32 


A direct transformation treatment was 
not used here for the same reasons as in 
the case of the chromium molybdenum 
hot work steel illustrated in Fig. 1. How- 
ever, if the bars were 6-in. rounds and a 
hardness of 24 R, was acceptable, a direct 
transformation at 1300° F. would take 
less furnace time because of the greater 
length of time required to bring large 
pieces up to furnace temperature. This 
heating time occurs twice in a double 
temper but only once for a transformation. 

For building up the working surface of 
10-in I.D. forging draw rings of man- 
ganese.chromium steel, the curve of which 
is illustrated in Fig. 3, a direct trans- 
formation treatment was employed as 
follows: 


1. Preheat 600° F.: 


This preheat was used for convenience 
since several rings would be welded 
in a day and only one furnace was 
available. 


2. Postheat 600° F.—I1'/_ hr. at heat, 
immediately after welding: 


This treatment produced a ductile 
fusion zone solely through direct 
transformation. 


In the fabrication of a new ram for a 
melting furnace charger, it was necessary 
to weld 14-in. round pieces of manganese 
chromium steel (Fig. 3) and SAE 4342 
(Fig. 4) together to obtain the proper ram 
length of 18 ft. The ram had to be made 
as quickly as possible, and no other steel 
of the proper rough dimensions was imme- 
diately available. The two pieces were 
machined to form a 3'/:-in. cup-cone fit 
at the center to assure alignment of the 
bars and a 30° included angle groove from 
the 3'/;-in. diameter cut to receive the 
weld metal. The pieces were mounted on 
rollers ordinarily used for checking con- 
centricity and a chain wrench was at- 
tached so that the ram could be revolved 


manually. The treatment used was as 
follows: 


1. Preheat 500° F.: 


This is slightly below the M;, point on 
both grades. The interpass tem- 
perature was tested after each 
layer, with tempil sticks. As soon as 
the steel cooled below 350° F., the 
piece was recharged in the furnace 
to bring it back to 500° F. 


2. Postheat 600° F. for 1 hr. at heat imme- 
diately after welding: 

No additional time was allowed over 
that required for complete trans- 
formation since the piece was so 
large that its normal rate of cooling 
would complete the transformation 
of any residual austenite. The 
600° F. ‘heating tempered any 
martensite formed during welding. 


When building up the working surfaces 
of 10-in. round cylindrical forging punches 
fabricated from modified SAE 3360, a di- 
rect transformation postheat is usually 
applied as shown: 


1. Preheat 350° F. 
2. Postheat 1150° F.—65 hr. at heat 
immediately after welding. 


If desired, a double temper could be used 
by permitting the weldment to cool to 
125° F., tempering, cooling to room tem- 
perature and retempering. However, due 
to the thickness of the tool welded, less 
furnace time is required for transforma- 
tion than for double tempering and the 
hardness obtained as transformed was 
satisfactory 

Since several of these tools were to be 
fabricated at future times, an attempt 
was made to cool the punch to room tem- 
perature after welding and then single 
temper. Thijs would save furnace time. 
The punch cracked at room temperature 
so the original treatment was continued. 
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On one occasion a modified SAE 3360 
forging die 10 in. I.D. x 20 in. O.D. x 44 
in. long, used for forging cylinders, was 
gouged out at one spot on the working 
surface. No replacement was imme- 
diately available and it was important that 
the operation continue on the following 
shift. This meant that no postheat could 
possibly be applied. The die was pre- 
heated at 400° F. and removed from the 
furnace when only enough time was left 
for welding and grinding the deposit 
smooth. The die was used for forging as 
soon as it could be installed, which kept 
it hot. Forging proceeded successfully for 
the full normal life of the die. This pro- 
cedure is satisfactory for a tool which will 
be kept hot and receive repeated heatings 
in service, because on each cooling and 
heating, some martensite is formed and 
some is tempered. After several forgings 
have been made, the tool may be cooled 
to room temperature with no cracking 
danger since there will be little untempered 
martensite formed in the heat-affected 
zone. 

High-speed steel may be safely welded 
by using either the direct transformation 
or double temper methods. Preheating 
temperatures for this grade were given 
earlier in this paper. A method which 
has been used successfully for arc welding 
of notched sections of molybdenum high- 
speed steel dufing the hardening operation 
is outlined below: 


1. Harden, 2225° F., lead quench 
700° F. 

2. Weld and requench in lead to 700° 
F. 

3. Air cool to 125° F. 

4. Double temper at 1025, 2 + 2 hr. 


It will be noted from Fig. 6 that at the 
time of welding, the parent metal is com- 
pletely austenitic which makes it much 
more resistant to cracking from the notch 
effect than if it were in the hardened and 
tempered condition at 62/66 R,. After 
the double temper the hardness was 
checked and found to conform with that 
expected from a normal hardening and 
tempering treatment. 

In regard to preheating and postheating 
straight chromium weld deposits contain- 
ing approximately 0.10 carbon and 4 to 
12% chromium, a not uncommon treat- 
ment in the field is: 


1. Preheat to 400° F. 

2. Immediately after welding, hold at 
1650° F., 1 hr. at heat. 

3. Cool 50° F. per hour to 1100° F., 
air cool. 


The purpose of this postheat is, first, 
to effect a recrystallization and grain re- 
finement of the weld metal by reheating 
above the critical temperature and cooling, 
and, second, to form an annealed weld by 
a slow cool. 

Let us examine this treatment in accord- 
ance with the 4/6° Cr steel data pre- 
sented in Fig. 7. If a 4/6% chromium 
weld metal is permitted to cool to 400° F. 
after welding before it is charged into the 
furnace for postheating, approximately 
15% austenite is retained. If the weld is 
at a higher temperature than 400° F. still 
more austenite is present. Subsequent 
heating to 1650° F. and cooling will re- 
crystallize and refine the grain of the por- 
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tions of the deposit which have trans- 
formed during the original cooling after 
welding. However, no change whatsoever 
will take piace in the grain size of the por- 
tions of retained austenite. In view of 
this, in order to obtain the most satis- 
factory recrystallization of the deposit it is 
desirable to cool to as low a temperature 
as possible, and still prevent cracking, 
before postheating. 

Instead of cooling the weld slowly from 
1650 to 1100° F., it would be far quicker 
to cool the steel to 1350° F. as rapidly as 
feasible, hold for 2 hr. at heat, then air 
cool. There is no advantage, and it is 
merely wasting furnace time, in using a 
slow cool rather than a constant tempera- 
ture transformation for annealing. 

However, there is one characteristic of 
Benin straight chromium weld deposits which 
au makes it advantageous to use a combina- 

oF tion tempering and transformation treat- 
ment rather than a direct transformation. 
EN, On direct transformations there is a 


at tendency for the formation of a grain 
boundary carbide precipitation. This is 
ae apparently part of the transformation 


product. The tendency for this occur- 
rence becomes more pronounced as the 
chromium content of the steel is increased. 
This type of carbide formation is not 
particularly noticeable when the chromium 
content is 6% or below. There is possibly 
some advantage to using a recrystalliza- 
tion direct transformation treatment for 
such steels but it is not definite. Welds 
containing chromium contents above 6% 
have better ductility and impact strength 
if they are annealed by a combination 
temper and transformation treatment 
than if through direct transformation. In 
the tempering treatment the weld is per- 
mitted to cool to as low a temperature as 
possible before postheating in order to 
form a maximum of martensite in the 
structure. Then it is tempered at 1375/- 
1325° F. which tempers the martensite 
F : formed and permits the remainder of the 
ee austenite to transform. The tempered 
> wate martensite produces a spheroidized struc- 
a hy ture in the deposit. This spheroidized 


Chromium Weld Deposit. 


Fig. 9—Spheroidized Product Caused 0.17% 


structure is much tougher than the grain 
boundary carbide structure. 

For these reasons the following treat- 
ments are recommended for welds con- 
taining between 4 and 12% chromium: 


For 4/6% chromium welds: 

1. Preheat 400° F. 

2. Weld. 

3. Charge in furnace at 1650° F., 1 
hr. at heat immediately after 
welding. 

4. Cool to 1325/1375° F., hold 2 hr. 
at heat, air cool. 


For 6/10% chromium welds: 
Preheat 400° F. 
Weld. 
Cool to 300° F. after welding, then 
put in furnace immediately. 
4. Postheat 1325/1375° F., 2 hr. at 
heat, air cool. 


For 10/12% chromium welds: 

1. Preheat 400° F. 

2. Weld. 
3. Cool to 300° F. after welding, then 
4, 


put in furnace immediately. 
Postheat 1325/1375° F., 4 hr. at 
heat, air cool. 


These treatments prevent cracking in 
the deposit by the preheat and produce a 
soft, ductile deposit through postheating 
by either transformation or tempering 
and transformation. By referring to 
Fig. 8 it will be noted that the 400° F. 
preheating temperature recommended is 
below the M, point for this 12% Cr steel 
austenitized at 2100° F. In this case, 
cooling to 300° F. prior to postheating is 
done to assure a maximum martensite 
formation in steels of this grade which 
have lower /,; temperatures due to differ- 
ent analyses; it is primarily a safety 
factor. This grade seems to contradict 
the principles set forth in regard to using 
the martensite reaction characteristics to 
determine preheating temperatures. How- 
ever, high M,; point steels usually have 
little tendency to crack because the hy- 
drogen rejected from solution when the 


~ 
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austenite forms martensite has great 
mobility at the higher temperatures a), 
the martensite formed is iess brittle thay 
at room temperature. In the case of Type 
410 stainless steel, the martensite char- 
acteristics of which are shown in Fig. 8 
the 400° F. preheating temperature js 
used primarily to slow down the cooling 
rate of the weld through the martensite 
formation temperature range which would 
allow more time for the hydrogen to be 
freed and to assure that the martensite 
does not reach too low a temperature be- 
fore sufficient hydrogen is evolved. 
Welds containing approximately 0.10 
C and 15/18% Cr are partially ferritic. 
It is impossible to form a completely 
austenitic structure at any temperature in 
these grades. For that reason their re- 
sponse to heat treatment is quite limited. 
The martensite points of the austenitic 
portions of these steels are lower than 
those of the lower chromium steels. For 
an 18% Cr steel the martensite reaction 
starts at approximately 275° F. and is 
substantially complete at 125° F. from an 
austenitizing temperature of 1900° F. 
This temperature produces the maximum 


_ quantity of austenite in this grade. The 


following treatments are recommended 
for 15/18% Cr alloys: 


For 15/16% chromium welds: 


1. Preheat 250/300° F. 

2. Weld. 

3. Cool to 250° F. or lower. 

4a. Postheat 1450° F., 4 hr. at heat, 
air cool, or 

4b. If desired, a slow cool from 1450 to 
1100° F. may be employed. It 
is seldotn necessary but often 
used for additional safety. 


For 16/18% chromium welds: 


Same as above, except cool to 150° F. 

or lower before postheating. 

Lower preheating temperatures are used 
for these grades than for the 3/12% 
chromium steels since the M, points are 
lower and the steels do not reach as high 
a hardness. 


Fig.. 10—Grain Boundary Carbide Precipitation Caused by 
Direct Transformation. 1% Chromium Weld Deposit. 
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17% Chromium Weld Deposit. 2 X 


Fig. 11 (left)—Silky Tensile 
of Tempered Structure 

Fig. ae ht)—Intergranular Fracture 
ransformed Product 


As an illustration of the extreme im- 
portance of cooling to low temperature 
before postheating the higher chromium 
weld deposits, the following all-weld 
metal 0.505-in. diam. tensile results are 
presented. Both welds were made on 
plate preheated to 400° F. and postheated 
at 1450° F. for 4 hr., cooled at 75° per 
hour to 1100° F., air cooled. One weld 
was cooled to 75° F. before postheating, 
while the second was cooled to 400° F. 
before postheating. 


Cc Mn Si Ni Cr 


Weld deposit 
analysis 0.08 0.18 0.17 0.37 17.62 
Tempera- 
ture Before Elon- Reduc- 
Postheat- Yield, Tensile, gation, tion, 
ing, ° F. Psi. Psi. 0 % 
75 55,500 81,500 27.9 69.9 
56,500 82,500 25.6 57.6 
400 45,000 55,000 2.5 1.0 
43,500 67,000 1.5 1.5 


Weld No. 1 was cooled to below the M; 
point before postheating. Weld No. 2 
was postheated before it cooled to the M, 
point. It will be noted that there is a great 
deal of difference in the ductility of the 
deposits. This difference is caused by 


producing a tempered martensite plus 
ferrite structure in the first case and a di- 
rect transformation produce plus ferrite in 
tye second case. Figures 9 and 10 illus- 
trate these microstructures. Figure 11 
shows the silky fracture of the first deposit, 
while Fig. 12 illustrates the columnar 
fracture of the second. This simple com- 
parison is an example of the importance of 
being familiar with the martensite reac- 
tiohs and transformation characteristics of 
weld deposits. 

The prime purpose of this paper was to 
present methods of preheating and post- 
heating deep-hardening steels to prevent 
cracking and assure the correct ductility 
and hardness of the heat-affected zone and 
to show how the treatments were de- 
veloped from TTT curves. A large por- 
tion of this article was devoted to the TTT 
curve itself in order to make sure that the 
reader would have an adéquate back- 
ground for developing his own cycles from 
different curves than those shown here. 
Naturally it would be quite unsatis- 
factory to go through the laboratory work 
necessary to make TTT curves to find the 
proper cycles for a few welds. However, 
it should be remembered that there are 
over a hundred curves available in various 
forms of metallurgical literature which 
show the transformation characteristics 
of a great variety of common tool steels 
and SAE grades. It would probably be to 
the advantage of a welding superintend- 
ent or metallurgist to provide himself 
with copies of these curves to be used for 
future work on high-hardening steels. 

No attempt has been made to evaluate 
the cracking tendencies of the heat- 
affected zone of deep-hardening steels in 
relation to the rod used. Treatments 
given have been used for mild steel, stain- 
less steel and surfacing electrodes, and 
have worked satisfactorily for all roas. 

Additional treatments were given for 
straight chromium weld deposits since it 


PREHEATING AND POSTHEATING DEEP HARDENING STEELS 


is known that some welding concerns are 
not getting the proper ductility from 
straight chromium weld deposits. This is 
especially true for grades which are new 
to the fabricator. 
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The Mechanical Properties and Some 
Metallurgical Features of Copper 


Brazed Joints’ 


By R. F. Tylecote, M.A., M.Sc. 


joint between two pieces of steel is usually greater 
than that for pure annealed copper. The reason for 
this has been discussed by various authorities and two 
theories have been put forward: (a) the work-hardening 
capacity of a thin film of a soft metal between two pieces 
of a second and harder metal, and (b) the superior 
strength of a copper iron alloy over that of pure copper. 
The first theory has not yet been put to the test, and 
while it appears feasible for joints stressed in shear, it does 
not seem so sound for tensile joints. The second theory 
is supported by various authorities and by experiments 
reported on here. In the case of joints in tension, how- 
ever, Kelley’ maintains that since the copper alloy of the 
joints is held rigidly in place by the steel on either side, it 
cannot neck down or elongate as there is not enough 
material, so the copper automatically takes on the prop- 
erties of the steel. However, the majority of copper 
brazed joints are stressed in shear, and it is this type of 
stressing which forms the subject of the present investi- 
gation. 


L IS well known that the strength of a copper brazed 


Summary of Previous Work 


Up to the present time investigational work has pri- 
marily been on the subject of fits. Lardge*® tested ground 
and lapped joints in shear, and for joints of 0.437 in. 
diam. obtained the results given in Table 1. 

The design of the specimen was as shown in Fig. 1 (A). 
It is believed that due to the surfaces being lapped, these 
tests are not representative of production joints, where it 
has been observed that with an interference fit of no less 
than 0.002 in. a good braze has been obtained. This 
indicates the importance of surface finish. 

Oswald and Homan? investigated the effect of the fit 
between limits of 0.015-in. interference and 0.003-in. 
clearance (Table 2). 

Where the interference was big, it was noticed that 
satisfactory brazing could only be obtained if the part 
was put through the furnace two or three times. This 
shows a slowing down of the rate of flow of copper 
through the joint. 


Fatigue Strength 


On a Moore rotating beam machine, Oswald and Ho- 
man?’ found the limiting fatigue strength for a brazed 
joint to be +6.7 tonst/sq. in. Hanson and Ford® give 
figures for 2%. Fe-Cu alloy as +9.0 tons/sq. in. and for 
pure copper, +6 tons/sq. in. on cantilever type machines. 


* Reprinted from 1946 issue Sheet Metal Industries. 


Table 1—Effect of Fit on Shear Stress (Lardge) 


Fit. Shear Stress (tons sq. in.) 
+0.0020 in. 12.3 
+0.0015 in. 12.2 
+0.0010 in. 12.5 
-+0.0005 in. 12.7 
+0.0000 in. 12.9 
—0.0005 in. 13. (failure of bar) 
—0.0010 in. 9.2 No penetration of copper* 
—0.0015 in. 9.8 ” ” ” ” 
—0.0020 in. 9.95 ” ” 


Temperature: 1,100° C. 
Time at brazing temperature: 10 minutes, 


* Strength of joint due to grain growth 


Effect of Time 


With a press fit of over 200 Ib. (0.001 in. to 0.002 in. 
interference) the following results were obtained by Os- 
wald and Homan? (Fig. 1 (6)). 


Shear stress (tons/sq.in.).. 12 12.6 13.4 14.3 13.7 13.1 
Time (minutes)........... 4 12 22 30 40 48 


One important investigation! has been carried out on 
the heat treatment of copper brazed joints. The in- 
vestigator set out to determine the effect of the brazing 
cycle and subsequent heat treatment on the mechanical 
properties of the steels used, and brazed joints. Tests 
were made on three different steels; a low-carbon steel 
containing 0.18% C and 0.80% Mn; a medium-carbon 
steel with 0.35% C and 0.77% Mn; and a nickel steel 
containing 0.35% C and 3.5% Ni. 

A very close correspondence was found between the 
strength of the blanks (parent metal without any joints) 
and the brazed samples. The test pieces consisted of 
0.505-in. diam. standard tensile test specimens with the 
brazed joint in tension. 

A summary of the results obtained on the brazed 
joints and blanks is given in Table 3. 


Table 2—Effect of Fit on Shear Stress (Oswald and Homan) 


Fit. Shear Stress (tons per sq. in.) 
—0.015 in. 13,0—14.3 
—0.002 in. 12.1—15.2 
—0.000 in. 11.6—13.8 
+0.003 in. 9.4—10.6 (some not brazed) 


Length_of time in furnace: 20 minutes at 1100° C. 
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Fig. 1—Types of Shear Test — Used for Copper Brazed 
oints 


These two sets of results show that apart from anneal- 
ing at 800° C. in the case of the medium carbon steel, all 
heat treatments have a beneficial effect on the “‘as- 
brazed’’ joints. As will be shown later, one reason for 
this is that the copper in the brazed joints is susceptible to 
heat treatment and to rate of cooling. In addition, it 
will be shown that in the case of mild steel it is possible 


Table of | of Tests Made by Kelley! 


for a heat-treated joint to be stronger than the parent 
metal, in which case the maximum strength of the joint 
will not be shown in a tensile test. In this case, an im- 
provement in the grade of steel or the mechanical proper- 
ties of the original steel may result in an increased joint 
strength. 

For example, in the above tests most of the joints 
failed in the “‘braze,’’ but in the case of the quenched and 
drawn specimen of mild steel, failure occurred in the steel 
on either side of the “braze,’’ pulling out steel grains. 
However, a joint strength of 40.4 tons/sq. in. tensile is a 
very high value. In this case the proportional limit was 
24.3 tons/sq. in. which may approximate the expected 
shear strength. On this basis, then, comparison can be 
made with the highest shear strength of 22 tons/sq. in. 
obtained in a mild steel in the following investigation. 


Results of Investigation—the Effect of Fit or Shear 
Strength 


In order to confirm the widely accepted view that the 
fit of a copper brazed joint has a considerable influence on 
its strength, a number of specimens of the type shown in 
Fig. 1 (c) were made in three sizes with a wide range of 
fits. These specimens were tested in compression by sup- 
porting the specimens by a ring on a bolster as near as 
possible to the plug so that the joint was in shear. 

The locating shoulders and any excess copper were 
machined off before testing. 

The fits of each diameter of test piece covered the 
range of from 0.0025-in. interference to 0.002-in. clear- 
ance, measured on the diameter. The parts were brazed 
in a continuous belt conveyor furnace for which the braz- 
ing time was 9 min. and the cooling time 46 mins. 

The results of these tests are shown in Fig. 2, each point 
being the mean of from three to five individual tests. 

From these results it is apparent that in the smaller 
diameters the fit has quite a considerable influence on 
shear stress. This fact cannot be explained by the diffu- 
sion theory, as it is shown later that the rate of diffusion 
in the normal brazing time of 5 to 20 min. is sufficient to 
produce a homogeneous alloy through a distance of '/, in. 


Steel. Condition. 


Parent Metal. 


Brazed Joint. 


U. Elong. U T. Elong. 
tons/sq. in. per cent. tons/sq. in. per cent. 


M.S. (0.18 per cent. C., 0.80 per 
cent. Mn.) Cold Drawn isa 
M.S. (0.18 per cent. C., 0.80 per 


As brazed, 34 mins. at 1150° C. 25.7 3.0 30.1 31.0 


cent. Mn.) Cold Drawn ... | Annealed at 870°C. (1 hour) ... 27.8 21.5 29.2 34.5 
M.S. (0.18 per cent. C., 0.80 per 

cent. Mn.) Cold Drawn . | Normalised at 930° C. 28.1 12.5 30.3 31.5 
M.S. (0.18 per cent. C., 0.80 per 

cent. Mn.) Cold Drawn - | Quenched at 890°C. in W. Sol. 33.0 10.5 39.2 22.0 


Oil 


0.35 per cent. C., 0.77 per cent. 
Mn. (slightly decarburised on 


surface) As brazed 34.0 1.5 46.8 11.0 
0.35 per cent. C., 0.77 per cent. 

Mn. (slightly decarburised on 

surface) Annealed at 800° C 26.6 1.5 40.0 28.5 
0.35 per cent. ¢.: 0.77 per cent. 

Mn. (slightly decarburised on 

surface) she ... | Normalised at 900° C. 40.4- 5.5 43.0 25.5 
0.35 per cent. C.; 0.77 per cent. 

Mn. ors decarburised on 

surface) ; BE many at 830°C. drawn at 29.6 0.5 47.6 25.0 

ec 
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Fig. 2—Influence of Fit on Shear Stress 


Therefore it appears that the thickness of the actual film 
of alloyed copper has an effect on the strength of the 
joint. This may be due to work hardening during test- 
ing. For instance, looking at Fig. 2 it can be seen that 
maximum strength occurs with an interference of 0.002 in. 
for the '/:-in. specimen and 0.005 in. for '/,-in. diam. 
specimen. These sizes were determined by plug and ring 
gages, and therefo-e represent the maximum diameter of 
the spindle and smallest diameter of the hole—i.e., to the 
tops of any excrescences that are present. 

It seems probable that an interference of 0.0005 in. on 
1/, in. diam. gives the thinnest copper alloy film when 
brazed, more interference producing grain growth and 
making the ingress of copper difficult. The thinnest film 
will be that most conducive to work hardening. The 
same argument applies to the larger interference for the 
1/,-in. specimen. 

The presence of iron in brazed copper joints was 
proved by a simple test. A 2-in. length of 1) -in. diam. 
tube stopped up at one end (and containing enough de- 


_ oxidized copper to fill it) was passed through the furnace. 


The copper was allowed to melt and held at brazing 
temperature for 2 mins. When the copper was analyzed 
it was found that it contained 1.6% iron. The hardness 
(V.P.N.) was about 76. In another case when the tube 
was held at brazing temperature for 30 min., 2.3% of iron 
was present in the melted copper, the hardness of which 
was about 93 V.P.N. In both cases the composition was 
the same throughout the cross section of the specimen. 
This was determined by spectrographic analysis. The 
parts received normal brazing cooling. 


The Effect of Brazing Time 


Part of the investigation was to determine the effect 
of time at brazing temperature. The tests were carried 


Table 5—Data on “‘Brazed’’ Copper 
= Analysis of deoxidised copper :— 
Hardness of test samples. 
10 42 
He V.PN. 
5 1.6% Fe. | 2.3% Fe. 
As brazed, slow cooled... 76.5 93.5 
0 20 = = So 1 hour at 1000°C. and water 
Fig. 3—Effect of Time on Shear Stress—!/;In. Specimens hours) ...| 80. 
Brazed in Cracked NH; = 
244-s : WELDING RESEARCH SUPPLEMENT APRIL 


Table 4—Summary of Results on Effect of Fit 


Shear stress (tons/sq. in.) 
Specimen Diameter. 
Fit (ins.). 
din. din. 1 in. 
Interference 
0.0025 __... _ 14.3 
0.0017... ove 18.8 
0.0015... coe 20.0 18.0 14.8 
9.0006... ove 13.3 
0.0005... eve 21.7 17.4 16.7 
Clearance 
0.0004... eve 16.8 
0.0005... ove 17.8 14.4 
0.0015... ose 17.2 _ 14.3 
0.0018... see 13.3 om 
0.0027__—.... ove 12.5* 


* One test only. 


out in a pusher type tube furnace at 1120° in a cracked 
ammonia (3H, + Nz) atmosphere. The specimens were 
pushed straight into the hot zone, allowed to remain at 
brazing temperature for the specified time, and then 
pushed into the cooling chamber for 10 min. and finally 
air cooled. 

They were tested 48 hr. after brazing. The results are 
given in Table 6 and Fig. 3, and show a very small varia- 
tion in strength, which bears out the values reported by 
Oswald and Homan.? It appears that diffusion is rapid, 
as the copper on the parts took two minutes to melt, and 
one minute after this a substantial increase of strength 
had been obtained. The increase of strength at times 
between 20 and 35 min., which was also obtained by 
Oswald and Homan,’ appears to be due to the effect of 
an increasing amount of iron which has diffused into the 


copper. 


The Effect of Heat Treatment on Shear Stress 


Having shown that iron is present in the copper of 
copper brazed joints, it was thought possible that the 
joints would respond to heat treatment. Various 
authorities have investigated the copper-rich end of the 
copper-iron system and other similar copper-tich alloys. 
Among these are Corson,‘ Hanson and Ford,* Tamman 
and Oelson,’ C. S. Smith, and Gordon and Cohen.’ 
They are unanimous in the assertion that these alloys are 
age-hardening. 

Parts going through a normal conveyor type copper 
brazing furnace are subjected to the following tempera- 
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Table 6—Effect of Time on tweed Strength of Copper Brazed 
oints 


500 600 700 800 
AGEING TEMPERATURE (°C) AFTER QUENCHING AT 1000°C. 
Fig. 4—Effect of Heat Treatment on Shear Stress 


ture cycle. First a rapid increase of temperature from 
room temperature to brazing temperature (1100~-1150° 
C.). This takes from 5 to 15 min. Secondly, the parts 
are held at brazing temperature for a period ranging from 
5 to 20 min. and then cooled fairly slowly in not less than 
30 min. The complete brazing cycle for the tested de- 
scribed below took 65 min., of which 9 were at brazing 
temperature and 10 heating-up, leaving 46 for the cooling. 

It will be seen from the previous tests that the time at 
which the part is held at brazing temperature does not 
influence the shear stress very much, as diffusion takes 
place rapidly. Thus a strength approximating to the 
maximum is attained in a very short time, provided the 
copper has had time to flow through the joint. 

The results given in Table 7 and Fig. 4 show the shear 
stress for specimens (Type C2, Fig. 1) which have been 
subjected to various heat treatments. The results repre- 
sent the average of from three to six specimens which 
were assembled with a fit of from 0.001-in. interference to 
0.001-in. clearance, The quenching medium was water 
at 20° C. 

These results indicate that no beneficial effect can be 
obtained by the solution heat treatment and aging of 
brazed specimens. The fact that quenched joints give 
the lowest shear stress appears to suggest that some of the 
iron present in the copper of the joint is going into solu- 
tion, but that it is not sufficient to cause a great increase 
of strength on aging. In fact, the curve shown in Fig. 5 
is very similar to one obtained by Smith® when he aged a 
copper-cobalt alloy containing 3.58% cobalt, after slow 
quenching. 
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ULTIMATE SHEAR STRESS 
_|OF STEEL 


10 100 1000 10, 
COOLING TIME - SECS (1000°C. TO 600°C.) 


Fig. 5—Etffect of Rate of Cooling on Shear Stress 
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COPPER BRAZED JOINTS 


a Time in Hot Zone at 1120° C. Shear Stress 
= (minutes) (tons/sq. in.) 

(g) 2 hours 15.0 


The Influence of Cooling Rate 


In view of the results recorded in the section on heat 
treatment, it was felt desirable to investigate the effect 
of reheating after brazing and varying the rate of cooling. 
It was apparent that in order to be able to obtain the 
best properties by solution treatment and aging, an 
almost unobtainably rapid rate of cooling would be re- 
quired. This would lead to distortion and cracking of 
the components and was quite out of the question. It 
was therefore decided to find whether there was a critical 
rate of cooling which would bring about the same effect 


Fig. 6—Copper Brazed Joint with Clearance Fit. 400 


Fig. 7—Copper Brazed Joint with Interference Fits. 400 
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by making the iron-rich phase precipitate in just the 
right size and quantity to give the maximum strength. 

C. S. Smith* found that a copper-cobalt alloy contain- 
ing 3.58% Co would air-harden from 900° C. The cop- 
per-cobalt system at the copper-rich end is very similar 
to the copper-iron system and it was felt that a similar 
effect might be obtained. It was therefore decided to 
carry out a series of experiments to determine the shear 
strength of copper brazed joints cooled at various rates. 

The specimens used were the standard 1-in. and */2-in. 
specimens shown in Fig. 1 (c). The rates of cooling 
were as follows (the time being that required to cool from 
1000° C. to 600° C.): 

The cooling times were estimated by measuring the 
time taken to cool from the furnace temperature of 
1000° C. to a dark red color as seen in a slightly darkened 
room. This method will in all probability give an 
accuracy of only +50°, in the case of air and sand cool- 
ing. Furnace cooling and quenching times may be re- 


garded as being more accurate. 
Table 7 
Spec. Shear Stress 
No. Heat Treatment. (tons/sq. in.) 
1 Brazed in burnt town’s gas in con- 
veyor furnace for 9 mins. at 1,150°C. 13.8 
2 Brazed as above. Quenched from 
1,100° C. (1 hour) and tested 4 hour 
3 Brazed as (1). Heated to 1,000°C. 
for 1 hour. Furnace cooled to 
750°C. in 1 hour. Air cooled to 
wd bee 13.0 
4 Brazed as (1). Quenched from 
1,000° C. (1 hour), then heated to 
780° C. (4 hour) and quenched ... 7.85 
5 | Brazed as (1). Quenched from 
1,000°C. (1 hour). Aged at the 
following temperatures for 2 hours: 
(a) 750° C. 11.9 
(b) 700° C. 13.4 
(c) 650° C. 11.7 
(d) 600° C. 9.6 
(e) 500°C. 9.9 
(f) 400° C. 9.7 


The results are shown in Table 9, and consist of the 
mean of from three to six separate tests. In the case of 
the large specimen, water quenched, this represents one 
test only as it was very difficult to obtain a specimen free 
from cracks due to contraction stresses. 

In order to give an even distribution, these figures 
have been plotted logarithmically in Fig. 5. All test 
specimens were brazed for 10 min. at 1120° C., and the 
mean fit of the parts was size to size. 

After brazing the parts were reheated to 1000° C. for 1 
hr. in an atmosphere of cracked ammonia, and cooling 
took place from this temperature. The results shown in 
Fig. 5 indicate that there is a critical cooling rate, which 
is represented by a time of about 80 sec. ‘This would re- 
quire accelerated air cooling. 

From the curve obtained for the large specimen it 
appears that the maximum shear strength obtainable, 
providing the shear stress of the steel is sufficient, appears 
to be about 22 tons/sq. in. This is about the maximum 
that has been obtained on a copper brazed joint in mild 
steel by any worker. In the case shown here it is 
eet that the shear strength of the steel was not 
sufficient to attain the maximum strength in the joint. 

With the smaller specimen the lower maximum stress 
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Table 8—Cooling Times yd Ceaperens Cooled Under Various 


itions 
Time (secs.). 
Spec. 
No. Small Large 
Spec. Spec. 
1 Quenching in water at 20°C. 3.0 4.0 
2 Quenching in oil at 20° C. 6.0 15.0 
3 Cooling in a blast of com- 
pressed air ave doe 45 60 
4 | Cooling in air ee an 145 240 
5 Cooling in sand at 20° C. 190 495 
6 | Cooling in belt conveyor 
furnace ... 500 1,500 
7 Furnace cooling 9,000 9,000 


obtained is probably due to the fit. The experiments on 
the effect of fit show that about 0.002-in. interference 
gives maximum strength for the '/:-in. diam. joint. 
Alternatively, there may be some dimensional difference 
between the specimens that causes this discrepancy. 
One may say, therefore, that in the majority of cases, 
the strength of a brazed joint may be improved by re- 


heating it to 1000° C. after brazing and cooling it in air, 


particularly when the fit is relatively slack and the cooling 
slow. The time of soaking should not need to exceed 30 
min, 


Tests on Carburized Specimens 


Some standard 1-in. diam. specimens (see Fig. 1) with 
a ground finish were brazed in cracked ammonia in order 
to determine the effect of carburizing on the strength of 
copper brazed joints. Similar plain mild steel specimens 
had a shear strength of 19.6 tons/sq. in.,* while carbur- 
ized specimens which had not had the double quench 
treatment after carburizing had a shear strength of 18.8 
tons/sq.in. Specimens that had been quenched at 920° 
C. and then heated to 780° C. and quenched again (the 
normal double quench treatment after carburizing) gave 
results as follows: 


~ Mild steel..................23.2 tons/sq. in. 


The increase in strength is presumably due to the in- 
fluence of the heat treatment on the brazed joint. It 
appears that the heat treatment given in this case, there- 
fore, is not detrimental to the joint, but slightly bene- 
ficial. 

* The di ney apparent here between the strength of these joints and 


those used in the tests to determine fit may be accounted for by the difference 
in the method of finishing; the former being ground and the latter turred. 


Table 9-—-Shear Stress of Copper Brazed Components Cooled 


at Different Rates 
Cnes- Time (secs.) | Stress (tons/sq.in.) 
ponent Cooling 
Method Small Large 
No, Small. | Large. spec. spec. 
I Water ... 4.0 12.4 15.5 
2 Oil bp she 5.0; 15.0 13.3 19.8 
3 Air blast ke 45 60 16.1 _— 
4 Air on 145 240 16.1 19.6 
5 Sand oe 190 495 13.6 19.8 
6 Brazing furnace | 1,500 | 1,500 13.8 18.5 
7 Furnace 9,000 | 9,000 12.8 12.5 
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Fig. 8—Insoluble Angular [a from Free Cutting 
x 


1000 x. 


Fig. 9—Steel-to-Tungsten Joint Showing Alloy Layer. 
(Reduced 40% in reproduction) 


Fig. 10—Tungsten-Tungsten Joint Showing Absence of Alloy 
Layer. 1000. (Reduced 40% in reproduction) 


Some Metallurgical Features of Copper Brazed Joints 


The two micrographs shown in Figs. 6 and 7 illustrate 
the structure of joints made in mild steel with the two 
extremes of fit. The clearance joint (Fig. 6) is charac- 
terized by an uninterrupted copper film, and the strength 
of the joint in shear should closely resemble the shear 
strength of a copper-iron alloy containing from 1.0 to 
3.0% of iron. It will be seen that the copper has a 
marked preference for penetration along the sulphide 
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inclusions in the steel, an effect which, of course, is par- 
ticularly noticeable in free-cutting steels. 

The interference joint shown in Fig. 7 shows how the 
copper has penetrated the joint by filling up the gaps 
between the two machined surfaces. Inclusions and 
grain boundaries are dissolved away, leaving islands of 
ferrite which become smaller as the brazing period is pro- 
longed. The darker particles of ferrite contain copper in 
solution. From the structure it would seem that joints 
of the type shown in Fig. 7 would have a higher shear 
strength than those represented by Fig. 6. 

When the joints are etched and viewed at higher 
power, in addition to the rounded and dark particles of 
ferrite, dark blue particles of another constituent were 
visible. These were present in angular and rounded 
forms (Fig. 8) and appear to be constituents of the 
sulphide inclusions in the steel. This seems to suggest 
that these inclusions consist of two components, only one 
of which is soluble in copper. 

When mild steel was brazed to tungsten, the presence 
of an alloy layer was noticed on the boundary of the 
copper and tungsten (Fig. 9). As far as is known, 
copper and tungsten do not alloy, and therefore one 
possible explanation is that this consists of an iron- 
tungsten alloy, the iron having been transferred to the 
tungsten side of the joint by’ temporary solution in the 
copper. Spectrographic examination of successive layers 
beginning with the tungsten and penetrating toward the 
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Fig. 11—4 Min. (100). 


Fig. 12—10 Min. (100 x). 
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steel rivet showed that the amount of iron present — 


gradually increased with depth. When two disks of Table 10—Composition of Steel Specimens Tested 
tungsten were brazed together no evidence of this alloy C iti 

layer could be detected (Fig. 10) and the joint was ex- Material. iA te 
tremely weak. Per cent. C. | Per cent. Mn. 

In order to investigate the effect of time on the alloying In 
tendencies of copper and steel, a number of cupels were Mildsteelbar... =... —... 0.10 0.44 effec 
machined out of free cutting steel and a small quantity of 0.14 on 
electrolytic copper was placed in them. ‘These were put octet! 5 ee 0.11 0.75 the 
in a furnace at 1120° C. (containing an atmosphere of — Small specimens (} in.) it 0.12 0.87 dou 

simi 
T 
Fig. 13—25 Min. (100). Copper, ‘“Brazed” in Steel Cupels in. 
belies 1min. No evidence of alloying, copper evidently only the 
just melted. A 
% 4 min. Coarse grain structure, with coring. White obt 
particles visible in center of some grains. resi 
10 min. Reduction in grain size and less coring. figu 
White particles now more numerous. bra 
15min. As above. 
30 min. White particles have now collected together 
and occur as colonies. 4 
In order to overcome the tendency for the copper to inv 
escape, another series was brazed with the surface of the 
cupel highly polished. All specimens were very porous. of 
Observations were as follows: str 
2min. No alloying. kk 
4 min. Heavily cored structure (Fig. 11) with no diz 
visible white particles, but a peculiar superimposed fer 
grain boundary network. ‘oi 
ie 10 min. White particles have appeared in some } 
a\ 70 grains. Cored and smaller grain size (Fig. 12). br 
Don Y 25 min. Still slightly cored, smaller grain size, with 
2 ve some white particles as nuclei (Fig. 13). 
2 a a 35 min. Similar to above, but white particles now 
occur as colonies. 
2hr. Heavily cored, white particles as large colonies. 
778 Y, Grain boundaries disappeared (Fig. 14). 
fi ae The gassing experienced is evidently due to evolution 
Be & of oxygen, as the copper was not oxygen free. It may be te 
Y - that the small particles are iron (with some copper in N 
ee solution) which cannot go into solution due to saturation h 
age of the surrounding copper-rich phase at a very early L 
a stage, and these act as nuclei for crystallization. It 0 
i seems that there is more than one particle to each grain. m 
The mechanism which causes the agglomeration of the ‘ 
nuclei is not clear. f 
Alternatively, the particles may be an iron-rich phase : 


precipitated on cooling, and the difference in particle 
size, and the agglomeration, may be due to slight differ- 
ences in the cooling rate. It is probable that the diffu- 
sion of iron into the copper occurs as soon as the copper is 
molten and proceeds to saturation in a very short time. 
This is confirmed by strength tests which show that a 
shear strength of 15 tons/sq. in. can be obtained under | | 
min. after melting of the copper. (The shear strength 

of annealed copper is not above 8 tons/sq. in.) 


l—Effect of od 
Fig. 14—2 Hr. (100X). Copper, “Brazed” in Steel Cupele 


Time to cool 
cracked ammonia) for varying periods of time, after Method. ay 
Se which their structure was examined. (secs.) . 
eae The sample ‘‘brazed”’ for 1 min. showed pronounced 
eri gassing, and subsequent samples showed a tendency for § Water quench .. 
the copper to escape over the edge of the cupel due to the ps quench 

‘ P ool in air 
capillary attraction of the rough-turned surface. Obser- — oo} in furnace 
vations were as follows: 
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Appendix 


Note on the Shear Strength of Steel Submitted to 
Cooling Rates and Heat Treatment 


In order to confirm that the reason for the beneficial 
effect of air cooling, and other forms of heat treatment 
on the brazed joints, was not due to an improvement in 
the strength of the steels used, as suggested by Kelley,' 
double shear tests were made on steel submitted to 
similar heat treatments. 

The tests were made on pieces of mild steel bar 0.375 
in. diam. and 2'/2 in. long. The analyses of the bar and 
the specimens are given in Table 10. 

As expected for a mild steel, the maximum strength is 
obtained with a very fast rate of cooling, as seen from the 
results shown in Table 11. It will be seen that these 
figures in no way correspond to those obtained on copper 
brazed joints submitted to similar heat treatments. 


Conclusions 


The following conclusions may be made from these 
investigations: 

1. The degree of interference or clearance in the fit 
of the mating parts has some effect on the static shear 
strength. Other factors being maintained constant, for 
a diameter of '/, in., an interference fit of 0.002 in. is 
likely to give the maximum shear strength, while for a 
diameter of '/,in., the optimum fit will be 0.0005-in. inter- 
ference. (These apply to a length of '/, in.; for longer 
joints, the fit would have to be modified.) 

2. For a fit of the order mentioned in (1) the time of 
brazing is not critical, providing that the time at brazing 


temperature is sufficient to allow the copper to penetrate 
the joint. The minimum time will depend upon the 
length of. the joint and the fit. 

3. No improvement upon normal ‘‘as-brazed”’ 
strength can be obtained by solution heat treatment and 
aging. This is partly due to the difficulty of obtaining a 
fast enough quenching rate with any size of brazed com- 
ponent, and partly due to the setting up of quenching 
stresses and consequent distortion, when a sufficiently 
fast rate of quench is obtained. 
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BATTELLE WORKERS HONORED 


which has been granted in recognition of 


materials as contributing to the ‘‘success 


In recognition of ‘distinguished service 
to naval ordnance development,’ Battelle 
Memorial Institute, Columbus, Ohio, 
has been presented the Naval Ordnance 
Development Award by the Navy Bureau 
of Ordnance. In addition, some forty 
members of the Battelle staff have re- 
ceived individual awards from the Bureau 
of Ordnance for the special parts they 
played in the prosecution of naval 
ordnance research. 

The Navy Ordnance Development 
Award is the fifth of a series of awards 
presented the Institute in recognition of 
its war service. 

According to Battelle Director Clyde 
Williams, the Navy award was based 
specifically on the Institute’s contribu- 
tions to the development of welded net 
panels for submarine torpedo nets. In 
his letter to Williams informing him of 
the award, Vice-Admiral G. F. Hussey, 
Jr., Chief of the Bureau of Ordnance, 
stated: 

“It is the great pleasure of the Chief 
of the Bureau of Ordnance to confer 
upon the Battelle Memorial Institute the 
Naval Ordnance Development Award 


the distinguished service of your organi- 
zation to the research and development of 
naval ordnance. 

“The congratulations of the Bureau of 
Ordnance are extended to every man and 
woman of the Battelle Memorial In- 
stitute for outstanding performance in 
connection with the research and develop- 
ment of special processes for welding hard- 
drawn carbon steel wire with high effi- 
ciency in strength and ductility. 

“The Certificate (and individual 
awards) are the symbol of appreciation 
from the Bureau of Ordnance and from 
the entire Navy for the outstanding 
demonstrations of technical ability, in- 
genuity, determination and cooperation 
which you have consistently displayed.” 

In September 1944 the War Depart- 
ment presented Battelle the Ordnance 
Distinguished Service Award for ‘“‘out- 
standing contributions to ordnance prog- 
ress during the course of the war.”” This 
award was presented by Major General 
C. T. Harris, Jr., Commanding General 
of the Aberdeen Proving Ground, on be- 
half of the War Department and publicly 
cited the Institute’s work on ordnance 


of United States fighting forces in all 
theaters of operations.” 

More recently, over two hundred mem- 
bers of the Institute were presented 
certificates from the Office of Scientific 
Research and Development for meritorious 
contributions to war research projects 
sponsored by that governmental agency. 
During the course of the war, Battelle 
conducted fifteen research investigations 
for the Office of Scientific Research and 
Development. 

The Institute was again honored when 
it was presented one of the 1945 Awards 
for Chemical Engineering Achievement at 
a presentation ceremony held in New 
York City in February. Battelle was 
selected for this recognition because of 
its “‘significant contributions to the re- 
search and engineering responsible for 
the success of the atomic bomb.” In 
addition, the Manhattan District pre- 
sented individual certificates of recogni- 
tion to many Battelle engineers who con- 
tributed to the atomic bomb development. 
Approximately four hundred members 
of the Battelle staff worked on the atomic 
bomb project. 
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Introduction 


HE research activities during the War have fully 
demonstrated the value of cooperative scientific 
_ research. But even long before the War the 
welding industry was cognizant of the need for such re- 
search and set up a committee under the auspices of 
Engineering Foundation, known today as the Welding 
Research Council, to promote fundamental knowledge in 
welding. Because of the extreme complexity of the phe- 
nomena involved in welding such knowledge could not 
be acquired without the cooperation of many fields of 
science. The Welding Research Council has endeavored 
to obtain this cooperation by calling on researchers in 
the fields of pure as well as applied science for the solu- 
tion of its problems. In doing so, it has undoubtedly 
served the interests of the welding industry, but it has 
also rendered a service to the scientific worker, by linking 
his research with that of other workers, and by bringing 
him in contact with the real needs of the industry. 

The following outline of current welding research prob-, 
lems pursues the same objective. It represents a frame- 
work of research into which the University worker can 
easily fit his own activities without prejudice to either 
their independent character or fundamental nature. At 
the same time, however, he can use his inventive in- 
genuity on types of problems which, because of their 
value to industry, have a direct influence in raising our 
standard of living. 

In order to facilitate the compilation, the suggested 
problems have been arranged according to particular 
fields of research, and have been divided among the fol- 
lowing selected headings: 


A. General Physics, Electricity and Problems Re- 
quiring Resistance Welding Equipment. 

Chemistry and Physical Chemistry. 

Metallurgy. 

Mechanical Studies and Testing Including Non- 
destructive Testing 

. Structural Studies. 


When going over the suggested proble.ns the Univer- 
sity Research worker will realize that many of these 
problems may be studied without knowledge of the weld- 
ing process itself and without having the necessary 
welding equipment. Others may require the procure- 
ment of welded specimens, and payment of expenses. 
The Welding Research Council will assist by supplying 
specimens that may be needed and by grants-in-aid on 
approved projects. However, it is imperative to make 
plans well ahead of the time at which the research can be 
started, because of unavoidable delays in delivery of 
specimens and appropriation of money. Also, the plan- 
ning should cover as many phases of the problem as feas- 
ible, in order to insure that individual projects may con- 
tribute to a unified picture of the problem asa whole. A 
comprehensive and adequate investigation of any prob- 
len: frequently requires a series of student investigations, 
properly integrated and coordinated by an interested 
and enthusiastic professor. The publication of progress 
reports in which the professor is co-author, tends to 
rouse the interest of representatives of industry and to 
accord recognition to the pniversity and the professor. 


Welding Research Problems 


A. General Physics and Electricity 


1. Metal transfer in arc welding. In spite of many 
interesting attempts the mechanism and nature of metal 
transfer in metallic arc is far from being fully understood, 
In particular it would be helpful to know whether the 
particle size in this transfer has any bearing on the 
smoothness of operation and other characteristics of the 
electrode. This study would involve incidental measure- 
ment of melting rates and their relation to the electrode 
current density and the heating of the electrode by means 
of the Joule effect. 

_ High-speed photography may be a useful tool for this 
study. 


Heat Flow Studies 


2. Cooling curves. Extensive studies both theoreti- 
cal and experimental have been conducted to determine 
the rate of cooling of arc weldments. These studies were 
made principally for the purpose of determining a scien- 
tific criterion of weldability (see Section C). But in 
many practical applications it is desired to know quite 
generally, what are the conditions of cooling of a given 
type of welding. This can be done best by means of 
cooling curves which give the time required for the weld 
to cool down to a given temperature. Much of these 
data for arc-welded butt joints are available from the 
work at the Rensselaer Polytechnic Institute, but similar 
data are needed for other welding processes, for example, 
spot and flash welding. A special type of problem re- 
lated to heat flow studies is that of the influence of weld- 
ing conditions on the weld shape. This problem is of 
especial interest in submerged melt welding, where the 
weld shape is more affected by these variables than in 
manual are welding. Also, it would be desirable to have 
information on processes related to welding, such as gas 
cutting and flame hardening. 

3. Thermal characteristics of metals for welding. 
One of the most serious handicaps in thermal studies of 
welding is the lack of quantitative knowledge of thermal 
characteristics of metals. This kind of information is 
particularly lacking in the case of thermal conductivity of 
dissimilar metal contacts. 

4. Heat flow in dissimilar welded metals. This prob- 
lem is of especial interest for the transient states occur- 
ring in welding together parts made of dissimilar metals. 


Electrical Studies 


A knowledge of electrical behavior in the various weld- 
ing processes is paramount to any fundamental under- 
standing of these processes. The following studies are 
among the most important: 

5. Ionization of the metallic arc. It would be advan- 
tageous to make an exploration of the nature of ions con- 
tributing to conduction in welding arcs using various 
types of electrode. 

A great deal of work in this direction has been done 
and more is planned, but the field is so vast that several 
parallel researchers appear possible. One of the aspects 
which is now being studied by Prof. Fett at Urbana, III., 
is the distribution of energy in the metallic arc. 

6. Stability of the welding arc. While the stability 
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of welding arcs is known to be a function of the power 
source and circuit characteristics, type and magnitude of 
current, nature of the electrode and its coating, and am- 
bient conditions, the exact roles of the different factors 
have never been fully ascertained. Before it is possible 
to quantitatively evaluate the importance of the different 
factors affecting arc stability, a method of quantitatively 
evaluating are stability must be developed. A program 
of research in this field is planned at Rensselaer Poly- 
technic Institute and Johns Hopkins University and 
those interested in similar research are referred to these 
institutions for more information. 

Contact resistance in spot welding and related welding 
processes. ‘The extensive work at Rensselaer Polytech- 
nic Institute may be used as a guide for formulating 
several of the most needed researches in this field: 

7. Electrode contact resistance vs. temperature, 
pressure and current covering the wide range of each. 

8. The development of better oscillographic techni- 
ques for the simultaneous observation of the magnitude 
and wave form of electrode forces and secondary cur- 
rents during welding, using condenser discharge or elec- 
tromagnetic energy storage machines. A considerable 
amount of work has already been done on this subject 
at the Rensselaer Polytechnic Institute, California In- 
stitute of Technology, General Motors Corp., General 
Electric Co., Lockheed Aircraft Corp. and the Armstrong 
Cork Co. Access to this work should be available before 
undertaking further developments in this field. 


Problems Requiring Resistance Welding Equipment 


The following problems may involve one or more fields 
of research, but must be undertaken by a laboratory 
possessing the necessary equipment. 

9. Establishment of optimum tip contours and diame- 
ters for spot welding steel. 

10. The effect of time of application, magnitude, rate 
of build-up and duration of forging force on the strength, 
consistency and quality of spot and roller spot welds. 
A great deal of work has already been done in this con- 
nection on the spot welding of aluminum alloys of the 
clad type for which forging is advantageous. Further 
work should be done on the duration of forging forces, in 
order to permit maximum speed in the production of 
roller spot welds. A study of heat flow as affected by 
surface condition is being studied at Johns Hopkins 
University. 

1l. A comprehensive investigation of projection 
welding, including the determination of the most favor- 
able shape of projection, together with pressure, current 
and time required. Shapes other than spherical, such as 
ring-type projections, should be included in this investi- 
gation. 

12. A thorough study of the instrumentation re- 
quired for the control of flash welding and for the trans- 
lation of welding conditions from one machine to an- 
other. Such an investigation will necessarily follow a 
study to determine the optimum welding conditions for 
one or more metals. It should include a study of the 
dynamic characteristics of upset pressures in flash weld- 
ing. Since these have not been measured in most pre- 
vious investigations, it is considered that in any new fun- 
damental flash welding investigation, an attempt should 
be made to measure the dynamic characteristics of upset 
pressure during the welding operation. Those engaged 
in flash welding investigations should also attempt to 
determine the most satisfactory methods for measuring 
the electrical quantities such as current, voltage and 
power during the welding operations. A high-speed re- 
cording watt meter has been found quite satisfactory for 
this purpose. 

13. In a fundamental flash welding investigation, 
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more effort should be applied to determine the optimum 
characteristic of flashing speed as a function of time. 
The movement of the platen of a flash welding machine 
is usually controlled by means of a cam. A thorough 
study of proper cam contours would thus be involved. 
Another subject in the flash welding field, upon which 
some experimental work has been done, but which de- 
serves further attention is the effect on weld quality of 
the use of gaseous protective atmospheres. 

14. A study of the phase control method of adjusting 
the heat for flash welding should be undertaken to deter- 
mine the reason for the general unsatisfactory experience 
with this type of heat control in electric resistance flash- 
butt welders. 

15. Merits of tip supercooling. Refrigeration of elec- 
trode tips seems to improve tip life of electrodes for alu- 
minum welding. In connection with the spot welding 
of structural aluminum alloys, and for the purpose of re- 
ducing the frequency of electrode tip cleaning, due to 
rapid pickup, the supercooling by refrigeration of elec- 
trode tips has been recommended. Further investiga- 
tion into the merits of electrode refrigeration is still de- 
sired by some members of the aircraft industry although 
many have experimented with refrigeration. This in- 
vestigation should be combined with the study of other 
factors which affect electrode contact surface tempera- 
ture, such as electrode design and rate of flow of coolant. 
The Rensselaer Polytechnic Institute and other pub- 
lished papers in this field should be consulted. 

16. Optimum conditions for spot welding of copper. 
This operation might be assisted by the generation of heat 
within the electrodes, and by use of high-resistance cop- 
per alloy electrodes. A comparison might be made of 
the best results obtained with high-resistivity electrodes 
for the production of actual fusion, between two copper 
sheets, with electric resistance brazing of copper. For 
the latter operation, thin foils of brazing material should 
be used with standard copper alloy spot welding elec- 
trodes and the time cycles used for the spot welding of 
mild steel. 

17. Spot welding of silicon bronzes, silicon brasses 
and red and yellow brass, and determination of optimum 
pressure, current, time, etc. Careful study should be 
made of electrode contact phenomena. Surface contact 
resistance measurements should be made, and the use of 
electron diffraction equipment might also be useful in 
this study. 

18. A study of the seam welding of aluminum alloys 
including the effect of spot spacing, roller speed, roller 
cooling and other variables on the pressure tightness, 
strength, consistency, quality, corrosion resistance and 
fatigue properties. 

19. The spot-welding characteristics of mild steel. 
This work should include the maximum ranges of cur- 
rent, pressure, etc., which are desirable and permissible 
in order to obtain good spot welding. 

20. Spot welding of steels with low melting point 
coatings such as galvanized steel, tin plate, terne plate, 
etc. If real progress is to be made in the fundamental 
problem of electrode tip pickup, associated with some of 
these types of welding, further basic studies of contact 
phenomena and probably of the effectiveness of refrig- 
eration should also be included. 

21. The effect of prior heat treatment of the quality 
and consistency of flash butt welds in S.A.E. 4130 and 
NE 8630 steels. The work done at the Battelle Memorial 
Institute should be consulted before undertaking further 
work on this subject. 

22. A study of the best welding conditions required 
for the electrode resistance flash-butt welding of alumi- 
num and other nonferrous metals. 

23. A study of the use of electric resistance welding 
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equipment for the brazing of steels, using metal electrodes 
and the shortest practicable time cycles. The necessity 
for using fluxes or protective atmospheres should be made 
a part of this investigation. 

24. Effect of the metallurgical quality of steel on spot 
weldability (grain size, deoxidation, cleanliness of steel, 
rimmed vs. killed steel, etc.) should also be studied in 
conjunction with surface contact resistance measure- 
ments. 


B. Chemistry and Physical Chemistry 


Gas Absorption and Evolution in Various Welding 
Processes 


It is suspected that the high temperature produced by 
these processes is the governing factor for gas absorption, 
whereas the rate of solidification controls gas evolution. 
These phenomena may be complicated by chemical re- 
actions. 

1. Quantitative information is desired as to solu- 
bility of gases in welding as a function of temperature, 
time of solidification and subsequent rate of cooling. 

2. The above information will have to be established 
for one or more types of weld and base metals. The type 
of coating is suspected to be one of the most important 
variables, and a study into the influence of coating on 
the physical-chemistry of welds will constitute a major 
contribution to the science of welding. 

3. The above study will have to be made for different 
welding processes such as: (a) arc welding, (b) gas weld- 
ing, (c) resistance welding. 

Some early work in this connection has been done by 
Dr. Doan of Lehigh in arc welding. More recent work 
has been done at Battelle Memorial Institute. This work 
may be consulted as a useful guide for the continuation 
of these problems. The radiographic technique should 
also be considered as a possible tool in evaluating poros- 
ity. 


Corrosion of Weldments 


The particular aspect of corrosion phenomena brought 
about by welding has been studied quite extensively, but 
no satisfactory theory has been formulated. This is due 
undoubtedly in part to the complexity of the phenome- 
non, but a clearer picture is believed to be possible, if 
corrosion research were undertaken without regard to 
an immediate practical solution of the problem. The 
two following fundamental aspects are proposed: 


1. Influence of metal dissimilarity. 
2. Influence of stress. 


This last aspect has particular importance, because the 


process of welding implies the production of residual 
stresses. 


Surface Preparation of Material for Spot Welding 


Contact resistance plays a very important role in the 
spot welding process. Contact resistance is determined 
largely by the surface resistance or surface condition of 
the metal being welded. Electron diffraction studies 
have been employed, as a means of determining surface 
condition, in investigation of the surface preparation of 
aluminum alloys for spot welding at Rensselaer Poly- 
technic Institute and at the University of Michigan. 
This preliminary work has been limited in scope but the 
results are very promising. The nature of the surface 
films formed by various methods of surface preparation 
requires a systematic and fundamental study. Atten- 
tion is called to the fact that spot welding equipment it- 
self, is not required for conducting the above research. 
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However, simple apparatus for measuring contact re- 
sistance between pairs of identical specimens is essential]. 


C. Metallurgy 


Since welding is essentially a metallurgical process, the 
field of metallurgy is expected to supply most of the in- 
formation needed for successful welding. The word suc- 
cessful means producing weldments free of the three 
following defects: (1) cracks, (2) porosity (or nonme- 
tallic inclusions) and (3) deterioration of usable charac- 
teristics of the material of which ductility is the most 
common and the most widely required. Each of these de- 
fects is by itself a problem of considerable magnitude, 
and it is feasible to study them separately, bearing in 
mind that in many instances they are interdependable to 
a great extent. Thus, cracking is perhaps the most 
alarming defect in welding, but considerable loss in 
ductility may be potentially as dangerous because con- 
ducive to cracking under conditions which may be safe 
for the nonwelded material. Whatever phenomenon is 
being considered the influence of the following factors 
appears immediately: 


Base metal. 

Weld metal. ‘ 

Degree of restraint during welding, 

Treatment before and after welding, both mechani- 
cal (for example, peening) and thermal (for ex- 
ample, the so-called stress-relieving treatment). 

5. The welding process. 


Each of these factors is defined in turn by several more 
specific and more fundamental variables. Thus, base 
and weld metal may be considered from the point of view 
of structural, phase or chemical changes. The degree of 
restraint may be characterized by geometry, state of 
stress or amount of cold work, etc. What is basically 
important is to reduce all of them to as many independ- 
ent variables as possible. This is by no means an easy 
problem, and the value of a particular investigation is 
largely dependent on how successful it has been in vary- 
ing only one factor, while keeping the others as constant. 

In the following, some of the main contributions in this 
respect will be mentioned, and an outline of problems 
which could be handled in a similar way will be suggested. 


The Welding of Steel 


The problem of welding of plain-carbon and low-car- 
bon alloy steels—more commonly known as the weld- 
ability problem—has been treated in detail in the June 
issue of the Research Supplement to THE WELDING 
JouRNAL (Vol. 24, No. 6 pp. 313-sand following). Means 
for controlling the adverse effects of structural and phase 
changes in the base metal on ductility have been set forth 
in the Guide Book to Weldability, developed at Lehigh 
University, and more research is planned in this direction 
to define more accurately the factors and variables. The 
same applies to the problem of controlling cracks in weld 
deposits by a test for reaction to restraint also developed 
at Lehigh, and to be described publicly after release by 
the Military, but available now to proper individuals on 
request. The study of many of the individual factors 
remains incomplete. 

Using methods developed in connection with the above 
research, or similar methods, the following problems are 
suggested or contemplated. 

1. A study of average heats as to variations in weld- 
ability and to the feasibility of establishing ‘‘weldability 
bands’’ for a list of important steel types. 

2. Effect of the temperature of test including the 
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effects of welding on the transition temperature of the 
steel and reason for the change from ductile to cleavage 
type of failure. 

Most of this information is anticipated from a research 
now under way at M.I.T. (P. S. Shepler) and Battelle. 

3. Effects of strainaging. A belief has been expressed 
that loss of ductility in weldments may have occurred 
as a result of some form of strain aging. A comprehen- 
sive study of these effects is needed to find out their im- 
portance in the welding of steel. It is possible that strain 
is merely an accelerating agent. The effects may be ex- 
pected to vary with the types of steel. 

With particular reference to cracking the following 
problems will be mentioned: 

4. The role of hydrogen and other gases in base 
metal and weld metal cracking; the quantitative meas- 
ure of its effect and the remedies required. The major 
part of this problem has been taken up by Lehigh. 

5. Correlation of cracking tendency and bend tests of 
plain-carbon steel (ship plate). The bend test should be 
selected after considering the methods of bend testing 
already devised. 

6. Effect of welding procedure on cracking tendency. 
The work at Lehigh on a practical test for reaction to re- 
straint and the study of various factors affecting crack- 
ing made at Rensselaer should be available to those inter- 
ested in this problem. 

7. Effect of peening on cracking tendency and quan- 
titative measurement of peening. A peening investiga- 
tion is contemplated at New York University, and some 
phases of this problem are included therein. 

8. Relation of electrode coating to cracking tendency. 
(Similar remark as for problem 6.) 

9. Effect of straining and heat treatment prior to 
welding on cracking during welding. (This problem is 
linked with that described under 3.) 

Among problems of a more general nature the follow- 
ing will be mentioned: 

10. Properties of deposited metal at various tempera- 
tures, This research is aimed primarily at detecting 
zones of brittleness at both high and low temperatures. 
Considerable data on Charpy impact testing are avail. 
able, and some more fundamental approach toward re- 
vealing the brittleness has been made at both M.I.T. 
(see problem 2) and Case School (Dr. Sachs). Further 
investigation should be directed primarily at the high 
temperature level, preferably on single bead deposits. 

11. Effects on welding of steels of porosity, segrega- 
tions and laminations. These effects can probably be 
traced back to either gases or “heats” and should be 
considered jointly with those described under 1. 

Problems which are more loosely connected with the 
immediate objectives of what has been called weld- 
ability, are the following: 

12. Relative value of slag-shielded vs. gas-shielded 
welding arcs in relation to the quality of weld deposits. 

13. Welding of heat-resistant materials for gas tur- 
bine and jet propulsion. A program should be initiated 
to evaluate the efficiency of the different welding methods 
on the elevated temperature properties of the materials 
used for the manufacture of gas turbine and jet installa- 
tions. 

14. There seems to be a considerable amount of con- 
troversial data regarding the effect of stabilizing treat- 
ment (1550° F. for at least 24 hr.) on the corrosion re- 
sistance and mechanical properties of molybdenum-bear- 
ing stainless steels (Type 316). A complete investigation 
would be very much in order since it is claimed that 
steels of this composition, if stabilized as indicated above, 
can be subsequently welded and the weld and heat- 
affected zone that possess much better resistance to cor- 
rosion in a number of media. 
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15. That titanium is almost completely lost when 
used in welding rods is well known. The opinions differ 
as to whether any, titanium is lost during welding from 
the metal being welded. Clarification of this problem 
would be desirable. 

16. Correlation of microstructure with the change of 
properties in the heat-affected area of carbon and low- 
alloy steels. Some unpublished work on this subject 
has been done at M.I.T. (D. Rosenthal). Those inter- 
ested may obtain further information by contacting 
directly Dr. Rosenthal. 

17. The properties of the zone heated around Ac). 
Recent work at Battelle on graphitization of welded C- 
Mo steels has shown the instability of structures de- 
veloped in this zone. Information on other types of 
steel is desirable. 

18. Stress-relieving thermal treatments reduce (1) 
hydrogen and other occluded gases, (2) reduce peak 
hardness and bring about other metallurgical changes and 
(3) reduce stresses. What is the relative importance of 
each of these and how much of the same results can be 
accomplished by preheating? The first item above is a 
part of problem 4 in this section. The fact that thermal 
stress-relieving treatments do reduce the residual stresses 
is fairly well established, and is due to the reduction of 
yield strength and to the phenomenon of creep. Results 
of studies of the reduction of residual stress by preheat- 
ing, show that these depend on geometry of the structure 
as it affects the nature and degree of restraint. These re- 
ports are still in a restricted category and should be 
studied before initiating further research. 


Welding of Dissimilar Metals 


A recent review of literature has revealed the lack of 
basic information regarding the following problem: 

19. The nature and mechanism of the process of join- 
ing dissimilar metals with particular reference to the 
following three phenomena: (a) diffusion, (6) pick-up 
and (c) dilution. 

The above problem is of especial importance in con- 
nection with resistance welding and may be defined as 
follows for this particular application: 

20. Resistance welding of dissimilar materials: (a) 
dissimilar ferrous materials; (b) dissimilar nonferrous 
materials; (c) weldability of ferrous to nonferrous mate- 
rials. 

A considerable amount of work has been done in the 
spot welding of dissimilar aluminum alloys which has 
been the subject of an investigation at the Rensselaer 
Polytechnic Institute laboratories. However, there are 
still many problems in this field, such as the spot welding 
of stainless steel to plain low-carbon steel, and also to 
hardenable alloy steels. 

Another problem of practical interest is that involved 
in using liners of a dissimilar material for the purpose 
of obtaining surface protection against wear, oxidation 
or corrosion. The following aspects of this problem are 
submitted for University Research: 

21. The thermal expansion characteristics of joints 
made of dissimilar metals. 

22. The mechanical properties of dissimilar metal 
joints. 

23. Effect of elevated temperature conditions on al- 
loy diffusion rates in welds joining dissimilar metals, and 
the effect of this diffusion on the properties of the welded 
joints. Above may be of importance where ‘“‘clad” 
vessels, welded piping and plate of dissimilar alloys, hard 
facings, etc., are used at elevated temperatures. 


Brazing and Soldering 


The general problem of soldering and brazing is the 
same as that of joining dissimilar metals. However, 
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there is the specific problem of surface tension, more 
commonly called the tinning property of solders, which 
requires a fundamental approach. 

24. A method is required to measure the tinning 
properties of various brazing and soldering materials. 


D. Mechanical and Testing 


Many of the problems raised under the heading of 
Metallurgy cannot be properly solved, unless the stress 
situation is correctly accounted for. On the other hand, 
the determination of the usable mechanical characteristics 
of the material and the change of these characteristics 
produced by welding are incomprehensible without ade- 
quate testing equipment. Therefore, welding has a large 
stake in the field of mechanical engineering and testing. 

Of basic importance for the welding of steel, and in- 
deed of all metals, is what has been defined as the weld 
stress problem.* This problem involves the metallurgical 
as well as the mechanical field of research. However, 
in so far as the present discussion is concerned only the 
following points will be mentioned. 


State of Stress 


From the host of information which is beginning to 
accumulate as a result of prewar and war research, evi- 
dence seems to emerge that states of stress which are not 
higher than biaxial do not alter appreciably the initiation 
of plastic flow as compared to the uniaxial tension test. 
This statement is valid for the applied as well as residual 
state of stress. The influence of notches and metals 
dissimilarity is under investigation, but if conditions 
are limited to the surface, the situation does not appear 
to be much affected by these two factors. The real 
problem is therefore, what happens below the surface. 
This problem is equivalent to that of a triaxial state of 
stress, for obviously no triaxial state of stress can exist at 
the surface. 

A method of testing a triaxially stressed specimen has 
been proposed and is under investigation at I.I.T. 
Likewise a method of measuring the stress situation be- 
low the surface, especially in connection with a limited 
amount of plastic flow is under consideration at M.I.T. 
Both methods are intended to find something about the 
elusive condition of triaxiality. But additional informa- 
tion is needed, especially on the following topics: 

1. Quantitative data on how much a steel of known 
conventionally determined physical properties at differ- 
ent temperatures—strength, yield point, ductility—will 
deform plastically under specific conditions of constraint 
and speed, intensity and cycles of loading. An important 
phase of this work is being done at Case School (Sachs) 
and M.I.T. (P. S. Schepler), and those interested in this 
research are requested to contact W.R.C. for more de- 
tails 


2. Determination of the plastic and elastic interac- 
tion between base and weld metals having different 
mechanial characteristics, yield point, ultimate tensile 
strength and elongation under various external loadings. 
This problem is treated in a current investigation at 
M.I.T., and those interested should contact W.R.C. for 
further information. 


Temperature and Rate of Straining 


The influence of these two factors appears to be well 
defined from the available restricted and nonrestricted 
information and is explained in some detail in connection 
with the weld stress problem.* This information al- 
ready is being used in the study of Weldability of steel, 
as outlined under (2) Section C. 
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Size Effect (Rigidity) 


Evidence begins to accumulate slowly that the ten- 
dency toward brittle fracture increases as the thickness 
becomes greater. The word “rigidity” has been used 
frequently to describe this behavior, and plasticity ex- 
perts would think prohably of the word “‘triaxiality.” 
Actually neither of these terms seems to be any better 
than the other, as the true situation is probably far more 
complex. However, if it were possible to express one 
situation in terms of another, say rigidity in terms of 
plate thickness, or the latter in terms of triaxiality an 
important step forward would have been made. 

Some phase of this work already has been started at 
Case School, and another is contemplated at M.I.T. 


Residual Stress 


Whenever the residual stress has been properly meas- 
ured, and that means biaxial state at the most, it was 
found to be without effect on safety, in so far as ordinary 
mild steel is concerned. 

Residual stress has been called upon to explain the 
size effect in thick butt-welded plates. Measurements 
carried out at M.I.T. and restricted reports from other 
sources so far have failed to reveal any appreciable tri- 
axiality in the residual stress situation created by butt 
welding plates of mild steel up to 1'/, in. thick. It is 
also known that this residual stress will be ironed out by 
external loading as applied by the usual laboratory tests. 
There is however a margin between laboratory tests and 
actual service conditions. This subject has been treated 
in some detail in the above-mentioned weld stress 
problem.* The present discussion is limited to the 
following problems: 

6. Methods of measuring the triaxial residual stress. 
Much of this work has been done at M.I.T. and more is 
contemplated. 

7. Evaluation of residual stress in spot-welded as- 
semblies. This problem is especially important because 
of the stress concentrations in individual welds. It would 
be interesting to find how much this situation is altered 
by the presence of multiple welds. The difficulty, of 
course, lies in the very localized nature of the residual 
stress and its triaxial character. 


Mechanical Properties of Welded Joints 


The study of the mechanical properties of welded 
joints provided important information to the users of 
welding processes and represents an outstanding con- 
tribution to the development of these processes, Fun- 
damental data are needed in many fields and the deter- 
mination of these data may become a gratifying subject 
for many graduate and undergraduate thesis investiga- 
tions. The following may be mentioned: 

With reference to resistance welding research: 

8. Fatigue strength of spot welds in carbon steels, 
stainless steels, low-alloy steels and nickel and nickel 
alloys. 

9. Sheet efficiency of spot-welded low-alloy steels in 
static and fatigue tests. 

10. Quantitative evaluation of twist tests. 

11. Effect of postheating on the fatigue strength of 
spot-welded joints. 

12. The effect of fiber distortion in flash-butt welding 
or upset butt welding on the mechanical characteristics 
of the joint. This study should include cold-rolled mate- 
rial of pronounced longitudinal grain characteristics 
as well as the same alloy in the normalized condition. 
Preferably, more than one type of steel should be inves- 
tigated. Specimens should be tested with the flash 


* “The Weld Stress Problem,” Taz Wetptnc JourNAL, 24 (6), Research 
Suppl., 313-s to 319-s (1945). 
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partly and completely removed, and the origin of frac- 
ture in testing should be investigated. 

With reference to brazing and soldering: 

13. For copper furnace brazed joints in structural 
alloy and carbon steels ranging from 0.30 to 0.50% car- 
bon: 

(a) Static and dynamic tensile properties of butt 
joints and of constrained and unconstrained lap joints. 
(A constrained lap joint is one created by fitting one part 
into another; an unconstrained lap joint is one created 
by laying one part upon another.) 

(b) Static and dynamic torsional properties of butt 
and constrained lap joints. 

(c) Fatigue properties in the same type of joints as 
listed under (a). 

(d) Consideration should be given to making tests 
in the ‘‘as-brazed,’’ the brazed and heat treated, and the 
brazed, heat treated and aged conditions. 

14. For low-temperature silver alloy brazed joints 
in structural alloy and carbon steels ranging from 0.30 
to 0.50% carbon, quantitative information is needed as 
listed under 13. In this case, however, any heat treat- 
ment after brazing will of necessity be in the range of 
draw temperatures for steel. 

In each of these types of joints, more accurate and less 
misleading methods of inspection are needed for the per- 
centage of faying surfaces actualiy brazed together. 

In pursuing an investigation as outlined, attention 
should be given to those various factors of technique 
employed which have a direct bearing on the ultimate 
physical properties of the joints. 

With reference to pressure vessel testing: 

The application of welding to pressure vessels has 
raised problems which are of a general as well as specific 
- nature, in so far as testing is concerned. They will be 
briefly presented with comments as follows: 

15. Determination of the value of hammer testing 
as a nondestructive method. The reader interested in 
this problem is referred to the work carried out at 1.1.T. 

16. It is important to determine to what extent 
plastic straining during the hydrostatic pressure test can 
be relied upon to impart final shape to a pressure vessel 
without impairing the mechanical characteristics of the 
material. This problem is of practical interest, since it 
has been observed that the metal near the junction circle 
of the knuckle and crown of a conventional basket 
(dished or torispherical) pressure vessel head frequently 
deforms plastically under the prescribed hydrostatic 
test. Similarly, depending upon the apex angle and the 
ratio of thickness to shell radius, the joint between the 
conical head and the cylindrical shell of a pressure vessel 
deforms much or little under the hydrostatic pressure 
test. The change of properties produced by the above 
operation should be studied by one of the methods 
worked out in connection with the study of weldability, 
outlined previously under 1, 2 and 3, Section C. It is 
hoped that a carefully planned and executed test and 
analytical program will provide a reliable basis for de- 
sign. 
. 1%. The most careful designing of the shell of a pres- 

sure vessel may be completely nullified by poorly de- 
Signed supports. Investigation is desirable as to the 
proper method of design for saddle, ring and lug supports 
for horizontal cylindrical vessels; and skirt, bracket and 
column supports for both spheres and vertical cylinders. 

18. Investigation is needed of reinforced manhole 
openings where the manhole consists of a forged ring 
butt welded into the shell plate and the manhole cover 
is attached by stud bolts in the ring. 

19. Determination of the concentration of stresses 
and development of suitable maximum design stresses in 
vertical vessels having semi-elliptical head and supported 
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on skirts that are attached to the knuckle of the head. 
20. The same as above where the vertical vessel has 
a conical or toriconical head. 


21. Determination of the effect of various degrees of 
peening for various conditions under which it is done on 
the endurance life of cylindrical and spherical pressure 
vessels of butt-welded construction. 

22. Determination of the effect of thermal stress re- 
lief and also of normalizing on the endurance ‘life of 
cylindrical and spherical pressure vessels in the same 
manner as for 24. 

23. Determination of the effect of various degrees of 
overpressure during test on the endurance life of cylin- 
drical and spherical pressure vessels. By “overpressure 
is meant the ratio of the test pressure to the working 
pressure. It is suggested that a range of test pressures 
be considered at convenient intervals between ordinary 
design stresses and yieldpoint stresses and that tests 
be made on tanks of ordinary boiler steel and also of 
various alloy steels. 

24. Correlation of tensile properties of steel plate 
in a direction at 90° to the plane of the plate, with the 
permissible design stress of lap or fillet weld joints sub- 
jected to tensile loads in the same direction. This is of 
interest in connection with proper evaluation of fillet and 
lap weld joints in applications where stresses in the di- 
rection described above are involved, such as in certain 
types of nozzle, head, staybolt and tube sheet connections 
to pressure vessels, and in some structural and similar 
joints. 

25. Thermal transient stresses in pressure vessels 
submitted to sudden changes of temperature. 

26. Same problem as 28, in vessels having liners of 
dissimilar material. 

Both problems involve consideration of thermal 
characteristics discussed in problem 4, Section A. 


Nondestructive Testing 


Magnetic powder testing and X-ray testing are gen- 
erally accepted means for detecting cracks. Each of 
these has its limitations. Sonic and supersonic methods 


“have been used on a limited scale and will bear further 


investigation. There is a lack of nondestructive methods 
for complete detection of weld cracks. 

The following problems have been submitted by in- 
dustry for special consideration: 

27. Application of sonics and supersonics to non- 
destructive testing of weldments. 

28. Although numerous proposals have been ad- 
vanced for the nondestructive testing of flash and spot 
welds, there is a place for more simple and reliable meth- 


ods if these can be developed. 


E. Structural Studies 


Most of the pioneerjng work in welding has started in 
the structural field. This work has been concerned with 
welded joints and welded connections as applied to exist- 
ing types of structure, and has resulted in a substantial 
improvement and economy of the structural design. In 
some cases, however, the results were less gratifying es- 
pecially where the increased rigidity of welded structures 
had been obtained by increasing the thickness or accu- 
mulation of the weld deposit. The fundamental prob- 
lem of local rigidity has been discussed previously in 
Section D under the heading of Mechanical and Testing. 
Whatever solution is accepted for this fundamental 
problem, adequate methods of design must be provided. 
Briefly stated the problem is to design a structure in 
which greater load-carrying capacity and greater sta- 
bility can be achieved without increasing locally the 
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thickness of elements or accumulating a greater amount 
of weld. This problem can be studied by one of the 
following means: 

1. Model studies on frame and plate-like structures. 

2. Design of new types of section for welding. 

3. Testing of full-scale structures. 

In addition to this fundamental problem many imme- 
diate problems await solution, such as: 

4. Transfer of stress at end of partial-length cover 
plates. 

5. Design of spot-welded joints. This problem in- 
volves the determination of proper size, spacing and dis- 
tribution of welded spots for the purpose of achieving 
maximum efficiency in static and fatigue loading. 


6. Influence of distortion produced by welding on the 
stability of flanges and webs in large plate girders. 

7. Stress distribution in full-scale welded structures. 
Experimental and mathematical analysis of stress dis. 
tribution in beam and column connections and in built-up 
girders should be made in the order to deduce reliable de- 
sign formulas. 


8. Influence of residual stress on the stress distribu- 
tion in statically indeterminate structures. More spe- 
cifically, it is important to determine whether the early 
plastic flow resulting from the presence of residual 
stresses is beneficial in redistributing the effect of over- 
loading. 


Discussion’ on “Effect 
of Recent Research on 


the Weldability and 
Control of the Produc- 

tion of Steel Aircraft 

Tubing” 


Comments by the Author 


HE comments of Messrs. G. E. Doan, H. R. 

Lewis and J. J. B. Rutherford leave little to be 

said by the author, excepting that it is gratifying, 

to the author, to note the general acceptance of the de- 
tails of this paper by these men. 

Dr. G. E. Doan’s comments are particularly enlighten- 

ing, since they come from both the theoretical and prac- 


* Paper by A. J. Williamson published in the Oct. 1945 issue of Taz Watp- 
ING JOURNAL. iscussion continued from the Dec. 1945 and Jan. 1946 issues 


of the Supplement. 


tical sides and the comments of Messrs. Lewis and 
Rutherford are realistically significant since they come 
from people who have had to live with these problems. 
Mr. Lewis’s results regarding the sample heat are particu- 
larly significant in that they tie in with the findings of 
the research committee that conducted the original re- 
search. His statement regarding the fact that specifica- 
tion writing bodies should be extremely careful in at- 
tempting to enter the field of specifying methods of 
manufacture, without the mutual agreement of the 
people in that manufacturing endeavor is a timely note 
of warning. Only by mutual treatment of problems can 
such situations be alleviated and ultimately reduced to 
insignificance. 

Both Mr. Lewis and Mr. Rutherford indicate that this 
paper brings out the feeling of the aircraft tubing manu- 
facturers, which is also a gratifying note. Mr. Ruther- 
ford’s treatment of the short welding cycle and its effect 
on carbide solution, and the likening of welding to a 
miniature steel melting, are indeed good points for repeti- 
tive emphasis. 

Since weldability is still a major problem, further re- 
search is indicated using this paper as a starting point 
for the dissemination of facts to the steel maker, to the 
processor and the ultimate user. 

The author is thankful for the opportunity to voice the 
final comments in the discussion of this paper. 
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Graphitization in Some Cast Steels 


By A. J. Smith,t John Urbant and J. W. Boltont 


steam service at elevated temperatures have been 

a subject of study by many workers since the 
original failure of a welded carbon-molybdenum steel 
pipe at the Springdale Station of the West Penn Power 
Co. in January 1943. Subsequent to that failure graphi- 
tization has been found in various classes of wrought and 
cast products, particularly in weld-affected zones, in the 
examination of piping systems made by the different 
power companies. 

Happily, the Springdale failure was not disastrous, 
and to our knowledge none of the other piping systems 
examined has shown equally extensive graphitization. 
Nevertheless, it is highly desirable to ascertain means 
whereby deterioration due to graphitization can be 
avoided. At the same time it is necessary to preserve 
in graphitization-resistant material high mechanical 
properties such as creep strength, soundness, good weld- 
ability and over-all economy. 

For increasing efficiency in power plant operation, 
increase in operating temperature is among promising 
approaches. Increase to the present 900-950° F. has 
been a development of the past decade. Even now 
plans are under way for 1000° F. operating temperature 
and the end of the upswing does not seem in sight. With 
longer experience acquired as to serviceability of mate- 
rials at these temperatures, undesirable characteristics 
have been revealed which hitherto have been unsus- 
pected. From this experience some materials have been 
shown to be unsuitable for the service. Carbon steel 
which serves admirably at lower temperatures shows 
marked loss in mechanical properties at 800° F. and is 
not recommended. Carbon-molybdenum steel which 
has excellent mechanical properties at 900-950° F. now 
is revealed to possess unfortunate graphitization char- 
acteristics, limiting its useful application to perhaps 
850° F. as top operating temperature where welding is a 
consideration. 

In developing and prescribing steels for these higher 
temperatures close attention must be paid toward avoid- 
ing failures that by chance might occur. All the factors 
that could contribute to deterioration and failure must 
be thoroughly investigated. This point is emphasized 
by occurrence of the Springdale failure. 

The Springdale failure was unexpected. Previous to 
the failure but one instance of graphitization of low- 
carbon steel had been reported in the literature.' Use 


Genesee characteristics of steels for 


* Presented at the Annual Meeting of The American Society of Mechanical 
—— New York, Nov. 25 to 30, 1945. 
Lunkenheimer Co. 


of molybdenum in steels in high-temperature service led 
graphitization to be an unsuspected probability since 
molybdenum is normally considered a relatively strong 
carbide former and as such likely to promote carbide 
persistence., There have been arguments for many 
years on the logic of a double iron-carbon constitutional 
diagram. Weight of the evidence indicates, however, 
that iron and graphite are the equilibrium forms, iron 
earbide or cementite being at best metastable. Since a 
vast amount of work was required for assuring suitable 
strength at temperature, possibility of graphitization 
and other types of structural degradation was neglected. 


The Graphitization Problem 


The problem of graphitization is complex. It would be 
quite impossible to study the problem in all of its various 
phases simultaneously and it becomes necessary to 
isolate the various factors and study them individually 
before any attempt may be made at a comprehensive 
answer. The problem may be broken down into several 
subheads, among which are: 


Effects of steel making practice. 

Effects of alloying and other elements. 

Effects of heat treatment. 

Effects of fabricating practice. 

Effects of service operating conditions. 

Mode of graphitization. 

Repair of graphitized structures now in service. 


Most of the product of The Lunkenheimer Co. is in 
the form of castings. Hence its work, in general, has 
been restricted to castings. - Certain phases of the 
above outline have not been touched on in this work and 
will be brought up only incidentally. In view of the ex- 
tensive investigation being carried on by the joint EEI- 
AEIC Subcommittee on Graphitization of Piping, no 
work has been done on possible methods of repair of 
graphitized structures. 

Effect of steel-casting-making practice has been 
studied here in respect to deoxidation practice. 

Fabricating practice—tolling, upsetting, welding, 
etc.—has not been described in the present report al- 
though some work is described on graphitization of struc- 
tures simulating weld structures. 

In the work at The Lunkenheimer Co., some 1300 
specimens have been prepared and examined under 
various conditions of alloy, heat treatment and aging 
treatment. In this report only those samples will be 


1. 4 
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commented on which were productive of positive evi- 
dence in these studies. The others represent duplicate 
tests for verification of original findings, tests on samples 
from other heats for the same purpose, cycling tests, etc. 
The samples chosen for illustration thus should be con- 
sidered as representing generic classes of structures. The 
evidence presented for them has been fully corroborated. 


Graphitization in Steel Castings 


After the Springdale failure many piping systems 
were examined by the various power companies chiefly 
by removal of boat samples from the welded joints. An 
early finding of graphitization in a valve casting led to 
replacement of the valve in the line so that complete 
and more leisurely examination could be made. The 
valve was used as a boiler stop valve at nominal opera- 
ting temperature of 900° F. and was in service a period of 
44,137 hr., 1909 of which were 950° or above, 4'/, at 
1000° F. 

The casting had been made in 1936 by the older melt- 
ing practice of ‘catching the heat coming down’”’ with 
partial aluminum deoxidation in the ladle, the remainder 
in the stream on pouring the mold. Total added was 
1.86 Ib. per ton. 

Analyses were made at several locations Analyses 
of inlet and outlet ends were as given below: 


Inlet Outlet 
Total carbon, % 0.31 0.31 
Graphitic carbon, % 0.12 0.04 
Silicon, % 0.40 0.41 
Manganese, % 0.77 0.76 
Phosphorus, % 0.020 0.021 
Nickel, % 0.11 0.05 
Copper, % 0.05 0.04 
Molybdenum, % 0.42 0.44 
Chromium, % None 0.01 
Aluminum (as Al,O;), % Al 0.012 0.010 
Free aluminum, % Al 0.017 0.018 
Total aluminum, % Al 0.029 0.028 


It will be seen that there is no significant difference 
except in graphite content between the two ends of the 
valve. Marked visible graphitization had taken place 
at the inlet end, none could be discovered micrfoscopi- 
cally in examining several segments of the outlet end. 
The original cast structure throughout was fine pearlite- 
ferrite. Graphite in the weld-affected zone was nodular 
and associated with the carbide areas as shown in Fig. 1. 

The wrought pipe structure was coarse Widman- 
statten-ferrite, graphite being similar in amount, type 
and distribution to the casting. Just as graphite was not 
found in the outlet end of the casting neither was it found 
in the pipe welded thereto. Welding conditions in so far 
as they can be judged at this time, and presumably as 
closely as they can be held commercially, were identical. 

Service conditions are suspect, yet graphitization was 
fully reversed in a stop valve from another boiler just 
adjacent with both high-pressure lines leading to the 
same manifold. In this other case graphitization was 
found in the outlet but not in the inlet of both pipe and 


_ casting. Truly remarkable circumstances but illustra- 


tive of the point that graphitization is in some case a 
“hair trigger’ proposition. 

Mechanical properties of the graphitized inlet end 
were investigated with the finding that there was little 
impairment of tensile strength and appreciable impair- 
ment of elongation and impaet. Actual properties were: 
yield strength, 57,000 psi.; tensile strength, 72,000 
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psi.; reduction of area, 54.0%; 
charpy, 7, 9, 6 ft.-Ib. (check tests). 

The tensile bar was made with axis normal to the weld 
interface, yet the break occurred in the weld metal, not 
in the graphitized zone. Vee notches in the Charpy 
bars were placed at the line of graphitization. (Impact 
value for the base metal of the casting was 18 ft.-Ib.) 

In bend tests made with the bend at the graphitizeq 
zone samples withstood a bend of 90° without cracking. 

These values show that graphitization has by no means 
approached the point where it can be considered danger- 
ous, even though it is undesirable. A metal with 6-9 
ft.-Ilb. Charpy is hardly ‘‘brittle.”’ 


elongation, 1 1.2%, 


Graphitization of Welded Structures 


Inasmuch as the Springdale failure was associated 
with a weld-affected structure, it became incumbent 
on investigators to include, in their agenda of research, 
studies of this phase of the graphitization problem. 
Previous extensive studies on welding by The Lunken- 
heimer Co. and others indicated that for an investiga- 
tion of this type there are too many variables involved 
for proper assignment of causes of acceleration of graphi- 
tization. While normal control of welding insures a com- 
mercially desirable result in most cases, absence of exact 
thermal and composition control leads more to specula- 
tion than to scientific fact in considering graphitization 
rates. 

It was evident from our and others’ examination of the 
Springdale failure that graphitization was most acute in 
metal which had been raised to the neighborhood of the 
lower critical temperature. In any work this, then, 
is a zone of interest. To simulate such structure under 
closely controlled conditions of temperature, yet free 
from such influences as composition, gas, slag, etc., pres- 
ent in welds, standard bars (7/s in. Diam. x 6 in. long) 
were heated at one end in a bath at 1600° F., the other 
end at 600° F. and after holding at temperature 1 hr. the 
bars were quenched. Hardness surveys were then made 
to determine the critical zones, whereupon the bars were 
placed in aging furnaces at 975, 1025 and 1100° F. 
Graphitization was found to be most rapid at 1100° F., 
very slow at 975° F., hence 975° F. was discontinued as 
an aging temperature. 

In steels prone to graphitization, graphite appeared 
first in the critical zone, subsequently appearing in the 
zone quenched from a higher temperature and later in 
the zone quenched from lower. From this it would 
appear that welding per se is not responsible for the 
severe graphitization in the weld-affected zone, but that 
this condition is induced by heating the material to per- 
haps just above the critical followed by rapid cooling. 
To verify this point a series of samples was heated to 
various temperatures within this critical range. Graphi- 
tization was found to occur most rapidly in samples 
heated to 1390° F. and water quenched, appearing exten- 
sively as early as 500 hr. at 1100° F. Time of heating 
these samples at 1390° was 3 hr. Graphitization was 
as appears in Fig. 2. 

Welding and its effects on graphitization in piping 
systems are not to be set aside briefly. However, simple 
one-bead welds, or restriction to a single set of welding 
conditions are likely to lead to unsound conclusions. 
Precise time-temperature conditions (at given locations) 
and other variables are neither known nor controllable 
in usual welding techniques. This means that welding 
studies, to be safely useful, must include many variations 
in welding practices, hence be very voluminous in re- 
spect to experimental manipulations. Extensive investi- 
gation is under way to study its full bearing on the prob- 
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lem, the results of which it is hoped will be presented at time at this temperature is not too significant, as the ex- 
an early date. periments also suggest, then any method of differential* 

If heating to a zone in the neighborhood of 1390° F. heating (welding or other) will produce a zone critical for 
(for C-Mo steels) is critical for promotion of graphitiza- graphitization. This would call for viewing with caution 
tion, as is indicated by the above experiments, and the any method designed to offset the effects of welded 


Fig. 1—Graphite in Weld-Affected Zone of Casting Graphi- _ Fig. 2—Graphitization in C-Mo Steel After 500 Hr. at 1100 in 
tized in Service. 500 Sample Quenched from 1390° F. 1000 x 


Fig. 3—Coarse Pearlitic Carbon Steel. 500 < Fig. 4—Coarse-Mixed Pearlitic-Bainitic Carbon Steel. 500 X 
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Heat A? B-S! B-A? C-S! C-A? D? E-S! E-A? F2 
Carbon 0.30 0.28 0.28 0.21 0.20 0.27 0.26 0.23 0.25 
Silicon 0.42 0.38 0.42 0.42 0.53 0.40 0.27 0.36 0.43 
Manganese 0.65 0.70 0.70 0.75 0.74 0.64 0.61. 0.59 0.70 
Phosphorus 0.037 0.034 0.031 0.036 0.034 0.027 0.024 0.020 0.025 
Sulphur 0.044 0.034 0.033 0.033 0.034 0.026 0.026 0.029 0.020 
Molybdenum 0.57 0.56 0.51 0.990 0.40 0.36 
Nickel 0.81 0.93 0.99 
Chromium 0.39 0.53 0.63 
Aluminum (total) 0.070 0.008 0.053 0.007 0.058 0.085 0.0030 0.024 0.063 
Al,O; 0.023 eee 0.019 a, 0.018 0.026 ch. 0.015 0.026 
Alin Al,O; 0.012 0.010 0.010 0.014 0.0079 0.014 
Vield point psi. 48,900 38,100 44,800 53,200 53,100 56,400 75,000 57,000 71,400 
Tens. Str. psi. 75,800 69,000 78,100 79,400 79,000 81,200 100,700 88,300 94,400 
Elong. % 26.9 32.6 27.2 27.8 29.5 84.4 18.8 24.1 21.0 
Red. Area % 36.7 60.1 49.2 61.0 57.8 46.0 44.9 45.1 41.6 


1 Silicon deoxidized. 
2 Silicon-aluminum deoxidized. 


structures such as have been proposed, for example, 
austenitic welding, post normalizing, etc. Such pro- 
cedures might serve merely to remove the zone to a dif- 
ferent location without certain amelioration. 


Effects of Deoxidation Practice and Heat Treatment 
on Graphitization Tendencies 


Certain studies were carried out to ascertain some of 
the effects of silicon and silicon-aluminum deoxidation 
and of various structures and treatments on the graphi- 
tization tendency of carbon (A.S.T.M. A-216-WC-B) 
carbon-moly (A.S.T.M. A-217-WC-1) and nickel-chrome- 
moly (A.S.T.M. A. 217-WC-4) steels. 

Steels were made up according to regular commercial 
practice, 2'/,-ton charges in acid electric furnace. Prac- 
tice includes ore addition and boil, followed by recar- 
burization and furnace deoxidation by ferrosilicon, ferro- 
manganese and silicomanganese. Before pouring, tests 
of such metal lie quietly due to the “‘silicon deoxidation.” 
(‘‘Silicon-deoxidized”’ samples were taken at this period.) 

When the steel is poured into large ladle, aluminum is 
plunged in, 2.4 Ib. per ton being used. Samples taken 
therefrom are referred to as “‘silicon-aluminum deoxi- 
dized.”’ 

All samples received a normalize after 5 hr. at 1650° F. 
and were drawn for 5 hr. at 1200° F. before subsequent 
experimentation. 

Compositions and room temperature mechanical test 
properties of the steels referred to are shown in Table 1. 


Carbon Steel—WC-B (Heat A) 


Samples, silicon-aluminum deoxidized, were heated 3 
hr. at 1550° F. and quenched into molten tin at 1300° F., 
at which temperature they were held for 30 sec., 2 min., 
20 mix., 2 hr. and & hr. followed by water quenching. A 


‘complete range of structures was developed, from mar- 


tensite to lamellar pearlite. Subsfantial amounts. of 
proeutectoid ferrite were evident in all samples. A com- 
parison sample quenched directly into water from 1550° 
F. yielded a martensitic structure with small amounts of 
proeutectoid ferrite appearing only in the boundaries of 
the original dendrites. 

Aging 2000 hr. at 1100° F. produced full spheroidiza- 
tion, of about the same particle size, and graphitization, 
to about the same degree, in all samples. 
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Carbon Steel—Heat B 


This metal was divided into silicon-deoxidized and 
silicon-aluminum deoxidized portions. A series of iso- 
thermal quenching treatments was performed on samples 
of both coarse and fine austenitic grain size. Coarsening 
temperature was 1900° F. followed by furnace cooling to 
1550° F. and quenching. Refining was carried out by 
heating to 1550° F. followed by direct quenching. 
Quenching was carried out in a controlled tin bath. 

Temperatures employed were those used in earlier 
work on carbon-molybdenum steel‘ and which gave the 


following structures for carbon moly: 


Transformation 


Structure (Carbon Moly) Temp., ° F. 
I. Coarse pearlitic 1200 
II. Coarse-mixed pearlitic-acicular 1000 
III. Coarse acicular 800° 
IV. Coarse martensitic 500 
V. Fine pearlitic 1200 
VI. Fine-mixed pearlitic-acicular 1000 
VII. Fine acicular 800 
VIII. Fine martensitic 500 


The acicular structure of the carbon-moly steels is not 
a member of the plain-carbon steel series, hence was not 
developed in this experiment. Also it was not possible to 
develop a martensitic structure at 500° F. in this carbon 
steel. However, since we are more concerned with com- 
parative temperature levels in processing these mate- 
rials than the actual structures, it was thought desirable 
to retain the quenching bath temperatures used earlier 
and on which fairly complete data were available. 

In the carbon steels the following structures were ap- 
proached: 


Transformation 
Structure (Carbon Steel) Temp., ° F. 

I. Coarse pearlitic 1200 
II. Coarse-mixed pearlitic-bainitic 1000 
III. Coarse upper bainitic 800 
IV. Coarse lower bainitic 500 
V. Fine pearlitic 1200 
VI. Fine-mixed pearlitic-bainitic 1000 
VII. Fine upper bainitic 800 
VIII. Fine lower bainitic 500 
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Fig. 5-Coarse Upper Bainitic Carbon Steel. 500 « 
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Fig. 7—McQuaid-Ehn Case Heat C Silicon Deoxidized. 500 x 


The structures shown in Figs. 3-6 are of the coarse 
series, and it may be seen that they do not correspond in 
all respects to the type description. This is because of the 
difficulty of securing a homogeneous austenite in cast 
materials. Because of these inhomogeneities there was 
marked separation of proeutectoid ferrite similar to that 
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Fig. 6—Coarse Lower Bainitic Carbon Steel. 500 


Fig. 8—McQuaid-Ehn Case Heat C Silicon-Aluminum 
Deoxidized. 500 x 


developed in conventional heat treatment of castings. 
This alters the effective carbon concentration in the 
carbide areas and affects the time of reaction at a given 
temperature. 

All of the silicon-aluminum deoxidized samples graphi- 
tized within 1000 hr. at 1100° F. Graphitization was 
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most general in the Type VIII sample (fine lower bainite) 
Size of graphite particles was about the same in all 
samples. 

Of the silicon-deoxidized samples the following 
graphitized at 1100° F. within the time indicated: 


I. Coarse pearlitic, 2000 hr. 
V. Fine pearlitic, 6000 hr. 
VII. Fine upper bainitic, 4000 hr. 


The following were resistant for the duration of the 
test, 6000 hr. : 


II. Coarse-mixed pearlitic-bainitic. 
III. Coarse upper bainitic. 
IV. Coarse lower bainitic. 
VI. Fine-mixed pearlitic-bainitic. 
VIII. Fine lower bainitic. 


The preceding suggests that fine and uniform distribu- 
tion of carbide may lessen initial graphitization tend- 
ency. Since such distribution indicates less steep carbon 
concentration gradients such influence might be expected, 
at least in initiation of the reaction. However, once 
action is started, a more general nucleation might well 
cause more general graphitization. 


In case of this carbon steel, silicon-aluminum deoxi- 
dation favors graphitization, but the absence of alumi- 
num does not always prevent it. 

The two deoxidation practices influences harden- 
ability, silicon deoxidation tending toward coarser grain 
and deeper hardening. Since bainitic structure in silicon- 
deoxidized sari the effects of differences in hard- 
enability characteristics (as influencing graphitization) 
may be somewhat discounted. However, a number of 
these points require more extensive study before firm 
ag can be safely made. Subject to this quali- 

cation, the experimental work on carbon steel (WC-B) 
suggests: 

(a) Silicon kill retards graphitization tendency, but 
does not safely prevent it. 

(b) Carbon concentration gradients appear to promote 
the earlier formation of graphite. 

(c) Greater carbon homogeneity may promote more 
general graphitization, once the reaction is initiated. 

(@) Coarser austenitic grain and deeper hardening 
characteristics tend toward greater resistance, but may 
not assure it. (This might well be independent of 
agencies promoting such structure.) 

Conventional normalize and anneal, under production 
conditions permitted graphitization in both silicon and 
silicon-aluminum-deoxidized conditions. Silicon-alumi- 
num-deoxidized graphitized in less than 4000 hr., silicon 
deoxidized in 6000 hr. 

Principal structures aged at 1100° F. were aged in 
duplicate at 1025° F. Of the silicon-aluminum-deoxi- 
dized all had graphitized at 1000 hr. with exception of the 
mixed pearlitic-bainitic, again showing the resistance of 
this structure to graphitization. Otherwise little differ- 
ence was to be noted from 1100° F. aging. 


Structure (Carbon-Moly) Graphitization, Hr. 


I. Coarse pearlitic 2000 
II. Coarse mixed pearlitic-acicular None 

III. Coarse acicular 2060 
IV. Coarse martensitic None 

V. Fine pearlitic 6000 
VI. Fine mixed pearlitic-acicular None 
VII. Fine acicular None 


VIII. Fine martensitic None 
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Carbon-Moly (WC-1) Steel (Heat C).—This materia] 
was divided into silicon-deoxidized and silicon-alumi- 
num-deoxidized portions. Samples were put into the 
following structural conditions, and graphitization time 
as it appeared in the silicon-aluminum-deoxidized samples 
which developed graphite within 6000 hr. are as given: 

In these structures there was considerable separation 
of proeutectoid ferrite leaving the carbides as islands in a 
ferritic ground mass. This appears to be the common 
pattern developed in carbon-moly steels. In looking for 
graphitization such structures are suspect. On the other 
hand, the structure description describes the state of 
aggregation of the carbide to much better degree than 
was found for the carbon steels. 

No graphitization was found in the corresponding sili- 
con-deoxidized samples, within 6000 hr. 

The grain size for the silicon-deoxidized portion was 
2-3 with normal McQuaid-Ehn as shown in Fig. 7. 

In Heat D, silicon-aluminum killed, similar samples 
all graphitized within 6000 hr. or less. Grain size and 
normality were similar for both silicon-aluminum-killed 
heats, namely, 6-7, and markedly abnormal McQuaid 
Ehn (Fig. 8). 

Production heat treatment of normalize from 1650° 
yielded graphitization within 2000 hr. in the silicon- 
aluminum deoxidized, none within 6000 hr. in the silicon 
deoxidized. However, graphitization was found in 6000 
hr. in a silicon-deoxidized sample held 5 hr. at 1650° F. 
and furnace cooled as shown in Fig. 8. The sample il- 
lustrated is the only one that has been developed experi- 
mentally in our work showing an approach to chain 
graphite. All others have been nodular. The corre- 
spondingly treated silicon-aluminum-deoxidized sample 
showed nodular graphite. 

The results on carbon-moly (WC-1) indicate that 
silicon deoxidation resulting in coarse grain normal 
McQuaid-Ehn structures retards graphitization, but does 
not always prevent it, as was established also in case of 
carbon (WC-B) steel. It is apparent that as compared 
with carbon steel the molybdenum content of WC-1 
increases carbide persistence. 


In another experiment on a silicon-aluminum de- 
oxidized sample, Heat C, held 5 hr. at 1650° F. and 
furnace cooled, then drawn for 10 hr. at 1300° F., graphi- 


tization was produced within 4000 hr. at exposure to both. 


1025 and 1100° F. 


This treatment was employed to determine the effec- 
tiveness of high-temperature annealing in order to stabi- 
lize the carbides in somewhat different form as suggested 
by Smith and Miller.’ 


Consideration of these and other studies, and of the 
published literature and field data, indicates that carbide 
persistence is influenced by many variables—some 
whose general influence seems clear, others which must 
be a better known and evaluated before conclusions can 
be drawn. 


Since strength at temperature is fully as important as 
structural stability, creep tests were run at 950° F. on 
samples from Heat D heated for prolonged periods at the 
suggested stabilizing temperature, namely 110 hr. at 
1320° F. after normalizing from heating at 1550° F. in one 
case and from heating at 2200° F. followed by furnace 
cooling to 1550° F. in another to yield both fine- and 
coarse-grained structures in a highly spheroidized condi- 
tion. The resulting creep curves are shown in Fig. 10. 
Tests were carried out for a period of 2400 hr. under 
loads of 12,000 psi. In both cases graphitization was 
found after test. The test temperature of 950° F. was 
the lowest at which graphitization has been produced 
in this laboratory. At least in this steel, treatment at 
1320° F. has not insured against graphitization. Struc- 
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Fig. 10—Creep Curves for Cast 
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tures of the samples before and after test are shown in 
Figs. 11-14.* 


Nickel-Chrome-Moly (WC-4) Steel 


Samples of silicon-deoxidized and silicon-aluminum- 
deoxidized metal, Heat E, were prepared. Each series 
was placed in the eight structural conditions listed for 
carbon-moly (WC-1) above. After exposure to a maxi- 
mum of 6000 hr. at 1100° F. no graphitization appeared in 
any sample. 

In another series of experiments on a silicon-aluminum- 
deoxidized heat, Heat F, with samples placed in the same 
structural condition, no graphite was found after 7976 
hr. at 1100° F. Duplicate experiments at 1025° F. also 
failed to reveal any evidence of graphite development. 

As in the carbon-moly steels creep tests on nickel- 
chrome-moly steel were carried out with identical prior 
heat treatment including commercial normalize and 
draw conditions. No graphitization was found in the 
bars after test. Structures before and after testing were 
as shown in Figs. 15-18. 

It will be noted that a number of the structural and 
deoxidation conditions in which WC-4 was placed corre- 


spond to those in which rapid graphitization was found. 


in carbon-moly (WC-1) steel. Work on WC-4 was con- 
firmed by study of several heats. (Differential quench 
samples also showed no graphitization.) 


Mode of Graphitization 


Emerson® has distinguished between two types of 
graphite formation, “nodular” and “‘chain.’’ Our study 
suggests the desirability of including a third type, 
“flake,” a formation shown in Fig. 19. Graphite forma- 
tions and groupings in reality are in three dimensions, 
not two, as they appear in a photomicrograph. This 
must be borne in mind in any attempt to evaluate ap- 


parent orientations in respect to their evolution and ef- 


fects. 

Emerson® has illustrated the chain formation in such 
a way as to leave little doubt as to its distribution and 
possible consequence. A flake may be but a progressive 
development of a chain although there our studies sug- 
gest otherwise. 

For the purpose of identifying graphite, polarized light 
has been very useful. Graphite crystallizes in the hex- 


* “Coarsened”’ means coarsened austenitic grain size. The 2200° F. treat- 
ment also results in greater carbon homogeneity. Thus the resulting trans- 
formation product aggregations (Figs. 11-14) give appearance of finer ‘‘grain”’ 
in the coarsened sample photomicrographs. There isnoanomaly. The reader 
is cautioned not to confuse ‘‘pearlitic’ grain size appearance with the not- 
shown austenitic grain. 
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Carbon-Moly Steel (WC-1), 12,000 


Psi. at 950° F. 


agonal system and shows extreme pleochroism and _ bi- 
refringence in polished section.’ Using a first-order red 
compensator plate, the change from red to green with 
stage rotation is striking and distinctive. This and other 
characteristics of graphite have been observed before in 
this laboratory in course of its studies on cast iron. Hence, 
the tool fits very nicely into investigations of graphitiza- 
tion in steel. 

The color change at extinction for a particular crystal 
depends, among other factors, on its orientation with 
respect to the plane of polarization of the light. Dif- 
ferently oriented anisotropic crystals will show extinc- 
tion at different angles of stage rotation. Nodular 
graphite shows a mottling of red and green with a first- 
order red compensator. This indicates that it is formed 
of many small crystallites of various orientations. How- 
ever, in many of the graphite formations described as 
flake, uniform extinction of the whole flake was shown 
at the same angle. This was evident in the flakes shown 
in Fig. 19. This suggests that the formation is of uni- 
form crystal orientation and is of the character of a 
single crystal, bearing close similarity to the flakes found 
in cast iron. The massive portion attached to one of the 
flakes of Fig. 19 shows the mottled effect and is definitely 
polyocrystalline. This sample was from a segment of 
pipe removed from service and given a cycling treatment 
for 800 hr. between 950 and 1100° F. Figure 20 is from 
a sample from a casting as removed from service. It also 
shows the single crystal or flake behavior. 

Were these flakes built up from a chain it is improbable 
that there would be crystallographic uniformity along the 
whole chain. The Widmanstaetten relationship which 
exists between matching planes of precipitate and matrix 
can be met in several different ways with respect to the 
plane of polish, so there is no requirement that all graphite 
particles separating from a single ferrite grain should have 
the same orientations with respect to the plane of polish 
even though the growth mechanisms are identical. Thus, 
a plate of graphite built up from a series of particles — 
originally in chain form would be expected to be broken 
up crystallographically into a number of segments which 
would be clearly revealed by examination in polarized 
light. 

There is one point of similarity between flake and chain 
formation which seems significant in attempting to ex- 
plain the mode of graphitization. As shown in Figs. 19 
and 20, in Emerson’s illustrations of chain formation® 

-and also in certain of the illustrations of Weisberg*® and 
Kerr and Eberle,® graphite in these instances is located 
in the ferrite grain boundaries. Nodular graphite usually 
is associated with the carbide areas. While chain and 
flake graphite may be attached to carbide areas, per- 
haps at other locations than the plane of polish, the 
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formations extend out into regions of primary ferrite. 
The general mechanism of graphite formation involves 
two steps, first, formation of a nucleus or initial graphite 
particle, second, growth of the particle by diffusion of 
carbon to it. 
The first step necessitates a local concentration of 
carbon together with some nuclear influence. The nu- 


Fig. 12—Refined WC-1 Before Creep. 500 x 


clear influence may be developed in many ways, sub- 
microscopic impurities or other discontinuities probably 
playing a major role. A grosser sort is illustrated in Fig, 
14, where a graphite flake is seen radiating from a manga- 
nese sulphide inclusion. The second step requires diffu- 
sion of carbon toward the first-formed particles from 
carbides or from other graphite particles less capable of 


Fig. 12—Coarsened WC-1 After Creep. 500 < 
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Fig. 16—Refined WC-4 Before Creep. 500 x Fig. 17—Coarsened WC-4 After Creep. 500 x 


sustained growth. As the region about the growing maintaining a statistical balance. The diffusion distance 
particle becomes depleted in carbon, migration through is extreme in some cases as in the chain or flake graphite 
the ferrite occurs. Ferrite dissolves a certain amount of lying at some distance from the carbide ‘‘reservoirs.”’ 

carbon (varying with temperature) and local depletion in Thus there are two approaches in the problem of pre- 
one area results in carbon diffusion from another, thus venting deterioration. One is promotion of relative 
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Fig. 18—Refined WC-4 After Creep. 500 x 


carbide stability, the other is to lessen the possibility of 
diffusion of carbon through ferrite.* 


Other factors being equal, tendency toward graphitiza- 
tion in iron-carbon series increases with increasing carbon 
content. Hypereutectic cast irons (with primary ce- 
mentite) graphitize in the freezing range with formation 
of kish or free graphite in the partly liquid metal. The 
gray irons graphitize rapidly in the interval between the 
eutectic and eutectoid temperatures. This graphitization 
may continue even below the eutectoid under slow cool- 
ing conditions or in the presence of sufficient silicon. 


In the case of malleable iron, the composition is so 
chosen that there is no graphitic carbon as cast. Sub- 
sequent treatment is such that the cementite is graphi- 
tized both above and below the eutectoid transformation 
range. The mechanism of carbon diffusion through the 
ferrite toward graphite particles is perhaps most vividly 
shown by the formation of ‘‘bull’s eyes,’’ graphite parti- 
cles surrounded with ferrite in a general pearlitic matrix. 

Graphitic steel is a product of commerce. Austin’s 
work?’ shows how readily high-carbon steel can be graphi- 
tized in quite a short time. 

In normal carbide areas the concentration of carbon is 
high, well above that of the average for the whole 
sample. As more and more proeutectoid ferrite is pres- 
ent in a given analysis, it is readily seen that the carbon 
concentration in the carbide areas becomes much greater, 
ultimately approaching the eutectoid composition. 
With such concentration gradients a graphitizable steel 
will usually graphitize most readily regardless of state 
of aggregation of carbide. Thus steels with large areas 
of free ferrite are more suspect for serious graphitization 
than steels of a more homogeneous character, even 


* Stability as used in this oY implies resistance to breakdown over a 

normally expected service life. It is not possible to say that any carbide is 

stable in the true equilibrium sense. However, the term is descriptive when 
in its practical sense. 
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Fig. 19—Pipe Removed from Service and Given Cycling 
Treatment. 500 x 


though the more homogeneous steels may ultimately 
graphitize. 

The problem of stabilizing the carbide and preventing 
diffusion in ferrite is complex but its solution is necessary 
for insuring against service failures due to graphitization. 
All of the carbide formers have a solubility in ferrite and 
under proper circumstances may dissolve even when 
carbon is present, e.g., in the presence of a stronger car- 
bide former. Ina straight molybdenum steel, the molyb- 
denum undoubtedly is associated in large measure with 
the carbide. Hence, with little distortion of the ferrite 
lattice the interstitially dissolved carbon is able to diffuse 
at will. The binding forces of the molybdenum are evi- 
dently satisfied fully as well in an iron molybdenum 
carbide as in a straight molybdenum carbide with the 
result that carbon can be given up by the molybdenum 
to be subsequently precipitated as graphite by the ferrite 
without too greatly altering the state of free energy of the 
system. 

Although good creep properties have been saown for 
carbon-free iron-molybdenum alloys,'' in the normal 
steels molybdenum is depended upon for conferring 
strength at elevated temperatures in the formation 
and distribution of a stable and resistant carbide. Yet it 
is known that certain amounts are dissolved in the fer- 
rite. In a higher carbon steel, 0.70 carbon, Bowman, 
Parke and Herzig'* have shown the amount in the fer- 
rite to be of fairly low order, possibly less than 20% of 
the total. Partition data on steels such as described in 
this report are not available. It may be reasoned, how- 
ever, that the partition coefficient would be changed 
with composition and with lower carbons more smolybde- 
num would dissolve in the ferrite. Carbon-molybdenum 
steel castings for elevated temperature service contain 
some 30-50% more carbon than carbon-moly piping and 
hypothetically the partitionment of molybdenum in 
ferrite in the piping would be greater than in the castings. 
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Yet the piping materials graphitized 
perhaps more readily than the castings, 
at least such appears to be the case from 
the service record. This suggests that 
increasing molybdenum dissolved in fer- 
rite would not bring about assurance of 
freedom from graphitization. 

Creep properties at elevated tempera- 
tures are markedly altered by carbide 
pattern and distribution. Hence, it would 
appear that the superior creep proper- 
ties of molybdenum-bearing steels are 
dependent in large part on the molybde- 
num or iron-molybdenum carbide and are 
not to be sought in steels alloyed with 
stronger carbide formers in which the 
molybdenum would be forced to much 
greater extent into the ferrite, leaving 
the new alloying element, such as vana- 
dium or titanium, to form the principal 
carbides. Such steels have not been 
shown to possess superior elevated tem- 
perature properties in the absence of 
molybdenum and improve molybdenum 
steels to but minor extent. Thus such 
carbides cannot be looked on as a source 
of strength at such temperatures. 


To protect against graphitization by use of alloys it 
appears that greater success might be achieved by use of 
weaker carbide formers than molybdenum or by non- 
carbide formers, which would dissolve in the ferrite and 
force more molybdenum into the carbide. By distortion 
of the iron lattice with dissolved elements, diffusion is 
interfered with and at the same time the ferrite is 
strengthened. The molybdenum being forced further 
into the carbide should confer additional elevated tem- 
perature strength to the carbide. Copper, cobalt and 
nickel do not form carbides and might be found to per- 
form this particular function. Chromium would show 
similar behavior since, although a carbide former, it is 
weaker in this respect than molybdenum. It is probable 
that combinations of these would be of more effect than 
their use singly, in accordance with general knowledge of 
the behavior of alloying elements. 


The above reasoning is hypothetical. Partition data 
are not as yet available by which the hypothesis can be 
fully evaluated. However, behavior of steels of the type 
of WC-4, nickel-chrome moly, lend substantiation to its 
correctness. This steel could not be graphitized under 
any set of conditions in the laboratory and has not 
graphitized in service. 


Furthermore, it has creep properties superior to carbon- 
moly steel as is indicated by the variaus creep studies. 
Creep tests with various comparable structures confirm 
this. (They are not a part of this report since they in 
themselves have little bearing on the graphitization prob- 
lem.) The nickel may play an important part in this 
stabilization or it may be looked on more as a safety 
measure since not being a carbide former it opposes 
ferrite solution of the other elements but would not in 
itself be partitioned. The finding by Smith, Miller and 
Tarr® that a molybdenum steel containing 0.17 chro- 
mium was readily graphitizable and by Hoyt" that a 
0.50 Cr steel could be graphitized leads to some question 
whether steels containing this chromium alone (as has 
been proposed) would provide complete assurance against 
graphitization. It still remains for subsequent work 
to demonstrate conclusively whether or not such addi- 
tions can be relied on for this purpose, over a wide range 
of manufacturing, fabrication and operating conditions. 


7 
Fig. 20—Casting As-Removed from Service. 500 
Discussion 


While the Springdale failure was disconcerting, possi- 
bilities of graphitization probably should not have been 
unexpected. In the high-carbon steels the problem had 
been studied rather extensively, especially by Austin and 
co-workers. A failure in straight low-carbon steel also 
had been observed under quite similar circumstances. 

In detection of early stages of graphitization the most 
useful tool is the microscope. To observe graphite in a 
polished section a special technique is involved for its 
retention in the section, the graphite being readily re- 
moved in the normal polishing operation. Undoubtedly, 
were graphite present it would have been preserved with 
‘inclusion polishing. However, inclusions almost in- 
variably are studied before extended heat treatment 
rather than after. This probably accounts for graphite 
not being detected even in creep samples until its presence 
was suspected. 

The major question that arises is whether or not any 
carbide is stable under all conditions of temperature and 
pressure. It is entirely possible that none are, ulti- 
mately. Yet certain carbides may prove sufficiently 
persistent to endure for the expected service life of the 
parts without undue deterioration. 

It is not known what conditions are required for car- 
bide stability. Molybdenum is normally considered a 
strong carbide former yet failure took place in a molyb- 
denum bearing steel. Chromium is less strong as a car- 
bide former than molybdenum yet a_ nickel-chrome- 
moly steel proved quite resistant to graphitization ex- 
perimentally and evidence from field service supports 
the laboratory findings. Results of others suggest that 
sufficient percentages of chromium likewise might be 
proved effective. The hypothesis has been put forth in 
the present paper that ferrite plays an active part at 
least in chain or flake graphitization. It must play a 
part in nodular graphitization also. If this hypothesis 
is correct then an explanation of the stability of the 
nickel-chrome-moly steel may be found in the fact that 
the nickel is dissolved in the ferrite, and, with a stronger 
carbide former, molybdenum, being present than the 
chromium, the chromium likewise is largely dissolved in 
the ferrite, resulting in the conferring of stability to the 
ferrite against carbon rejection in the form of graphite. 


1946 GRAPHITIZATION IN SOME CAST STEELS 267-s 


- 
J 
, 
| 4 
l 
. 
| 


It is believed that if a steel initially is seriously un- 
stable from its composition, no amount of ‘“‘doctoring”’ 
will insure sufficient stability for prolonged service. 
Thus, production of a straight carbon-moly steel of coarse 
grain size and normal McQuaid-Ehn structure is not 
sufficient to prevent graphitization over normal service 
periods although graphitization rate may be very con- 
siderably slower or its initiation require more unfavorable 
fabricating and operating conditions. A desirable initial 
structure likewise may retard but will not insure against 
graphitization. This has been shown not only for dif- 
ferent distribution of constituents but also for their con- 
stitution, as, contrary to the suggestion of some workers, 
steels annealed at temperatures which would promote 
formation of a presumably more stable molybdenum 
carbide subsequently graphitized at lower temperatures. 

It appears also that little is to be safely hoped for by 
modification of weld practice short of normalizing the 
whole assembly before installation since any type of 
localized heating will result in some zone being heated 
into the temperature range critical for graphitization. 

Thus far critical field graphitization has been found 
adjacent to welds. In many instances, however, non- 
critical graphitization has been found elsewhere in 
piping and castings. In no case that has come to the 
authors’ attention has graphitization proceeded as far 
as at Springdale. Thus it is perhaps fortuitous that 
critical graphitization has not been found in regions not 
associated with welds. The recent finding at Springdale 
of graphite precipitated on slip planes well removed from 
a weld leads to suspicion that finding of such critical 
graphitization may be made in the not too remote 
future. 

The use of alloys for stabilization appears to offer the 
most promising hope against such a condition. As indi- 
cated, it may be as fully necessary to stabilize the ferrite 
as to stabilize the carbide. Both laboratory and field 
experience appear to indicate that a steel conforming to 
A.S.T.M. A-217-WC-4 is an approach in this direction. 


Summary 


From many samples studied both from field service 
and controlled laboratory experiment it has not been 
shown possible to insure against graphitization of carbon- 
molybdenum steel through any of the controlled pro- 
cedures of melting and deoxidation practice or heat 
treatment. The evidence would appear to indicate that 
freedom from graphitization is to be sought through the 
use of alloy additions which confer greater stability to 
the carbide and probably to lessen migration in the fer- 


rite. Cases cited in the literature of graphitization of 
low-alloy chrome-molybdenum steel at conventional 
service temperatures led to little assurance of freedom 
from graphitization over the normal service life by the 
use of such low chromium additions to the molly steels 
alone. Critical percentage ranges, if existent, should be 
revealed by cooperative work being undertaken by vari- 
ous agencies. Extensive experimental data lead to such 
assurance for the nickel-chrome-moly steels within the 
present specification range of A.S.T.M. A-217-WC-4. 
Experiments with carbon-moly steel have been dupli- 
cated for the most part with nickel-chrome-moly stee! 
with special reference to those conditions which are 
critical for carbon-moly steel, silicon aluminum kill re- 
sulting in a highly abnormal steel structure. In no case 


has graphitization been found in the nickel-chrome-moly 
steel. 


A hypothesis has been put forth concerning the mode 
of graphitization based on the observed graphitization 
behavior of both plain-carbon and carbon-moly steels. 
Use has been made of this hypothesis to explain the re- 
sistance to graphitization of the nickel-chrome-moly 
steels. The experimental evidence would appear to indi- 
cate that the hypothesis is substantially correct. 


References 


1. Kinzei, A. B., and Moore, R. W., “Graphite in Low Carbon Steel,” 
Trans. A.I.M.E., 116, 318 (1935). 

2. Rohrig, 1. A., Corey, D. H.,and Crocker, Sabin, ‘‘The Effect of Normal- 
izing on the Wispaitins of Welds in Carbon Molybdenum Steel Pipe,’’ Tue 
WELDING JouRNAL, 22, 521-s to 527-s (1943). 

Rohrig, I. A., ‘‘A Study of Austenitic Welding for Control of Graphi- 
tization in Steel.’”” Pamphlet, ‘“‘Graphitization of Steel Piping,’’ A.S.M.E., 
Sept. 1945. 

4. Montgomery, H. E., and Urban, John, “Structure and Creep Charac- 
teristics of Cast Carbon Molybdenum Steel at 950° F., A.S.T.M. Bull., No. 
125, 13 (Dec. 1943). 

5. Smith, G. V., and Miller, R. F., ‘‘A Possible Means of Avoiding Local 
Graphitization of Steels in Service at Elevated Temperatu.es."’ Pamphlet, 
“Graphitization of Steel Piping,’’ A.S.M.E., April 1944. 

6. Emerson, R. W., ‘‘Carbide Instability of Carbon Molybdenum Steel 
Piping.”” Pamphlet, ‘‘Graphitization of Steel Piping,’’ A.S.M.E., April 1944. 

. Palache, C., Berman, H., and Frondel, C., Dana's System of Mineralogy, 
7th ed., John Wiley & Sons, New York, p. 152 (1944). 

Weisberg, Herman, ‘‘Report on High-Temperature _— Weld Investi- 
gation.”” Pamphlet, ‘“Graphitization of Steel Piping,” A.S.M.E., April 1944. 

9. Kerr, H. J., and Eberle, F., ‘“‘Graphitization of Low Carbon and 
Carbon Molybdenum Steels.’’ Pamphlet, ‘‘Graphitization of Steel Piping,” 
A.S.M.E., Sept. 1945. 

10. Austin, C. R., and Fetzer, M. C., ‘‘Factors Controlling Graphitization 
of Carbon Steels at Sub-Critical Temperatures,” Trans. A.S.M., 35, 485 (in- 
cluding bibliography) (1945). 

ll. Timmons, rc A., “Graphitization of Carbon-Molybdenum Steel in 
High Temperature Steam Piping.’” Pamphlet, “‘Graphitization in Steel 
Piping,”’ A.S.M.E., Sept. 1945 

12. Bowman, F. E., Parke, R. M., and Herzig, A. J., ““The Alpha Iron 
Lattice Parameter as Affected by Molybdenum and an Introduction to the 
Gass of the Partition of Moiybdenum in Steel," Trans. A.S.M., 31, 487 

13. Smith, G. V., Miller, R. F., and Tarr, C. O., “Structural Changes in 
Carbon and Molybdenum Steels During Prolonged Heating at 900 to 1100° F., 
as Affected by Deoxidation Practice,’’ A.S.T.M. Preprint 19a, 1945. 

14. Progress Report No. 4: Joint E.E.1I.-A.E.1.C. Subcommittee on 
Graphitization of Piping, “Fundamental Investigation of Graphitization of 
Pi ,”” Edison Electric Institute Bull. 13, 209 (1948). 


| 

\ 

AY 
| 

i 
$ 

cd 
It 

| 
Ww 

di 
5 

. 
ine 

\ 

| 

| 

a 
| 

4 

Aig! 

| 

: 

< 

268-s WELDING RESEARCH SUPPLEMENT 

MP 


Summary 


The present work is a contribution to 
the study of the exact role of the notch 
in the notch-bend tests. Using the X-ray | 
diffraction technique the authors have 
been able to demonstrate that the notch 
had no effect on the initiation of plastic 
flow, and that the latter set according 
to the strain-energy criterion. On the 
other hand, plastic flow had a considerable 
effect on the stress concentration factor. 
It appeared that amounts of plastic 
flow which were not greater than those 
occurring in the so-called brittle failure 
were sufficient to reduce the stress con- 
centration to almost nothing. This re- 
duction was associated with the produc- 
tion of a compressive stress at and around 
the notch which has resulted in an ap- 
parent strain hardening. 


Introduction 


N recent years the notch-bend test has 

come to be regarded as one of the most 
suitable criteria of weldability. It seems 
to respond to structural and phase changes 
more readily than any other type of test- 
ing and to be equally sensitive to tempera- 
ture and strain rate changes. The exist- 
ence of the notch appears to have much 
to do with this behavior. However, the 
exact role of the notch is far from being 
fully understood. The following three 
reasons are commonly given to account for 
the increase of sensitivity due to notching. 

1. The stress concentration, as repre- 
sented by the increase of the stress at the 
bottom of the notch over the stress which 
would have existed at this point of the 
cross section without anotch. It has been 
stated that the increase of stress due to a 
sharper notch brings about a greater 
sensitivity of the test.! 

2. The increase of yield point 
attributed to biaxiality at the surface and 
also to the existence of a stress gradient 
produced by bending and stress concen- 
tration .? 

3. The triaxial state of stress at some 
depth below the surface.* 

The last two factors are believed to 
limit considerably the amount of plastic 
flow before fracture, thus revealing a state 
of affairs that is particularly important 
for rigid types of structure as those made 
by welding. 

* Contribution to the Fundamental Research 
Program of the W.R.C. The results reported in 
this paper have been excerpted from a thesis sub- 
mitted by S. B. Maloof in fulfillment of partial 
requirement for M.S. degree in the Department 


of Metallurgy. 
Massachusetts Institute of Technology. 


X-ray Dittraction Study of Notch-Bend Test 


By J. T. Norton,* D. Rosenthalt and S. B. Malooft 


For the correct application of the re- 
sults of notch-bend tests to welding prac- 
tice, it is essential that the exact role of the 
notch be clarified. This cannot be done 
very well by the usual mechanical methods 
of measurement, based on the elastic 
stress-strain relationship, because a limited 
amount of plastic flow at the bottom of the 
notch seems to precede even the so-called 
“brittle type’”’ of fracture. On the other 
hand, it has been demonstrated previously 
that the X-ray diffraction method is ca- 
pable of measuring stresses regardless of 
whether the deformation is totally or 
partially elastic. On this basis, it was 
presumed that this method would yield 
useful information concerning the in- 
fluence of the notch in the notch-bend 
test. The work described below was 
undertaken with the primary object of 
clarifying assumption (2) stated above. 
In addition a study was made of the effect 
of a limited amount of plastic flow on the 
stress concentration factor and on the 
residual stress situation. This latter 
point represents a resumption of the study 
of the behavior of residual stresses under 
external load and their effect on safety 
which was interrupted during the war. 


Previous Work 


The literature on the application of X- 
rays to the determination of the yield 
point under various conditions of loading 
is rather limited. Bollenrath, Hauk and 
Oswald® determined the yield point in uni- 
axial tension on bars of mild steel about 
3/s-x cross section, using mechanical 
and X-ray methods of measurement and 
found both methods in good agreement. 
In a later work, Bollenrath and Shiedt’ 
used steel bars of square, trapezoidal and 
equilateral triangular section to determine 
the yield point in bending. They found 
that the yield point at the outer fiber was 
not influenced by the type of cross section, 
suggesting that the elastic portion of the 
cross section hindered in no way tlie plastic 
flow at the outer most stressed fiber. In 
contrast with this result earlier investiga- 
tions by Mdéller and Barbers* reported an 
increase in yield point of various amounts 
up to 40% when superimposing bending 
on tension. Ina later work, however, the 
same authors gave a rise in the yield point 
of only 13% in bending.® In variance 
with these authors Glocker and Hase- 
maier™ reported a decrease of yield point 
in torsion when measured in a very super- 
ficial layer, of less than '/;0,000 in. thick. 

As for the influence of the notch, the 
only results reported are those by Neer- 
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feld,"' but they give no clear indication as 
to the influence of the stress concentration 
on the yield point. 

The studies of the yield point in bend- 
ing and in highly stressed regions around 
the notch by means of the stress-strain 
relationship using mechanical strain gages 
are considerably more numerous.’? The 
majority of investigators found that the 
linear Hooke’s stress-strain relationship in 
bending as well as around the notch ex- 
tended well above the yield point as de- 
termined in uniaxial tension. But while 
some of them considered the raise in yield 
point as a purely apparent phenomenon,"* 
others saw in this raise a manifestation of a 
real influence of the less stressed parts of 
the material on the highly stressed region 
of thelatter™, For example, Kuntze*® con- 
siders that the yield point in heteogeneous 
stress fields is a function of not only the 
local stress situation but also the stress 
gradient. 

The above survey of literature is a con- 
vincing proof that more clarity must be 
brought into the picture of the stress 
situation at the yield point before the 
notch-bend test can be used as a standard 
criterion of weldability. 


Experimental Procedures 
A. Preparation of Specimen 


The specimen used in the investigation 
was a mild steel plate of the following 
composition in per cent: C, 0.19; Mn, 
0.41; P, 0.021; S, 0.043; Si, 0.026. Since 
it was desired to secure a uniaxial state of 
stress at the bottom of the notch during 
bending, it was preferable to have a local 
side notch rather than a transverse notch 
across the whole width. To avoid 
mutual interference, the notch was made 


only from one edge of the plate. How- ' 


ever, as will be shown later, the presence 
of an oppositely located notch would not 
have affected the results materially. 

The dimensions of the plate and the 
nature of the notch are shown in Fig. 1 

After the notch was made the plate was 
submitted to a stress-relief treatment at 
1200° F. followed by slow cooling in the 
furnace. The treatment was found to 
have left the plate in an entirely stress- 
free condition. 


B. The Bending Device 


As shown in Fig. 1, the middle portion 
of the specimen was submitted to a uni- 
form bending moment. This was accom- 
plished by means of the bending device 
shown in Fig. 2. 
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Moment Diagram 


Although the knowledge of the applied 
load is not essential for the determination 
of the X-ray stress, once the elastic con- 
stants of the material are known, for the 
purpose of comparison, it was deemed 
necessary to have an indication of the 
applied load. To this effect and also asa 
check of the uniformity of the bending 
moment, electric strain gages of the SR4- 
Al type were staggered on the plate as 
shown in Fig. 1. Gages 1, 2, 4, 6, 7 and 
9 were on the convex side. The location 
of gages 1, 2, 3, 5, 6 and 9 half way be- 
tween the notched section and the inner 
supports and at a distance from the latter 
which was greater than the width of the 
specimen was believed to have secured 
reasonable protection against local pertur- 
bations which may have been caused by 
the support in the stress distribution 
across the width of the specimen. This 
was confirmed by experiment, for when a 
load was applied by turning the bolt to any 
desired position, it was found that gages 
1, 2 and 6 and 9 placed at opposite edges 
of the plate recorded identical stains 


Fig. 3—General View of X-ray Tube and Accessories 


Fig. 1—The Dimensions of Plate, Nature of Notch and Layout of Strain Gages 
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Fig. 2—Close-up of Bending Device 


within +10 mictoinches per inch up to 
highest value of load. A small influence 
of the transverse stress on gages 3 and 5 
was anticipated, but the readings did not 
differ materially from that of the gages 
placed at both edges. On the other hand, 
the readings of gages 7 and 8, the first on 
the tension side, the second on the com- 
pression side, were the same thus confirm- 
ing the existence of pure bending. Of 
course, these gages as well as gage 4 read 
higher values than the rest due to their 
location across the reduced section. 

On the basis of the above results, the 
applied bending moment is computed as 
follows: 

Let e be the average value of strain 
recorded by gages 1, 2, 3, 5, 6 and 9, 
placed at the unnotched section of the 
plate; E, the modulus of elasticity as- 
sumed = 30 X 10® psi.; b and h, width 


-and thickness of the unnotched portion 


of the specimen; then the bending 
moment 


bh? 


M= 6 X Ee = 1.92 Xein.-lb. (1) 


if e is expressed in microinches per inch. 

Since Equation 1 is valid only in the 
elastic range of strain e¢, the latter was 
kept below the elastic limit of the material 
throughout the research in order to have 
the value’of the applied bending moment 
at all times. 

From the above value of the applied 
bending moment, the nominal average 
fiber stress Sp in the notched section can 
be easily computed. By nominal average 
fiber stress is meant the stress that would 
have existed at the surface of the notched 
section if the notch effect were absent. If 
bz represents the width of the notched 
section, then 


beh? 


Sr . Fe =128X He (2) 


C. X-ray Stress Measurement 


Figure 3 gives a general view of the 
apparatus employed im the research. The 
strain gage indicator, X-ray tube and 
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Fig. 4—Stress-Coat Pattern Developed 

Under Load. (Only Those Cracks Within 

the Enclosed Area Formed Under Load, 

the Remaining Developed on Allowing the 

Specimen to Remain Overnight Under 
No Load) 


camera, are standard equipment at the 
laboratory and have been described else- 
where."* To insure more flexible adjust- 
ment, the bending device was mounted on 
a swivel vise shown in Fig. 3, which im- 
parted to the specimen freedom of motion 
in three directions and rotation about the 
vertical axis. The tube itself could be 
rotated around a horizontal axis, thus 
completing the motions required for a 
speedy and controllable setting of the 
specimen. 

Because of the steep stress gradient 
around the notch the X-ray beam had to 
be well defined to permit an exploration of 
this steep gradient. This was accom- 
plished by inserting an extra pinhole with 
a l-mm. opening in the path of the X- 
rays. The diameter of the X-ray beam 
thus defined was measured to be about 
0.06 in. 

As described elsewhere, '* the X-ray 
technique involves making one normal and 
one oblique exposure, the latter at 45° to 
the surface of the specimen, for each de- 
termination of stress. The difference in 
the position of diffraction lines recorded in 
both exposures is then a measure of the 
stress acting at the surface of the specimen 
in the plane defined by the normal and 
oblique directions. The value of stress is 
obtained by multiplying the above dif- 
ference by a coefficient which depends on 
the elastic constants of the material and 
on the experimental setup employed 
(wave length and specimen to film dis- 
tance). From previous work" it appears 
that this coefficient is fairly constant for 
various kinds of steel, and that it is little 
affected by moderate amounts of cold 
work. In fact, the variation is of the 
same order of magnitude as for the 
modulus of elasticity, E. 

While the specimen was at load, normal 
and oblique pictures were taken at dis- 
tances 0.03, 0.1, 0.2 and 0.3 in. away from 
the notch. X-ray photograms were not 
taken within the notch itself due to the dif- 
ficulty of obtaining’ accurate readings. 
The specimen was then unloaded each time 
from a higher load and examined for 
residual stresses. This procedure was 
maintained until the notched section had 
been plastically deformed everywhere. 

The X-ray photograms were made 
under the following conditions: 34 kv., 
Sma., cobalt radiation, 15 min. for normal 
pictures and 20 min. for the oblique pic- 
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Fig. 5—Sketch of Flat Tensile Specimen 


tures. To obtain smooth diffraction lines, 
the camera was oscillated during the 
exposure. 


D. Determination of Stress Concentration 
Factor by Means of Stress-Coat Experi- 
ment 


During the last few years various 
brittle lacquers have been developed so as 
to crack at a certain strain by simply ad- 
justing their sensitivity. In the present 
research a lacquer having a sensitivity of 
0.0005 in. per inch was used; this cor- 
responds to a stress of 15,000 psi. The 
object of the experiment was to check the 
value of the stress concentration factor as 
determined by X-rays. 

Preceding the day of the experiment, a 
coating of the lacquer was sprayed into 
the notch and in its vicinity. The coat- 
ing was then allowed to dry overnight. 
A more detailed description of the lac- 
quers used and their method of applica- 
tion is given by A. V. DeForest and 
others.4* The specimen was then loaded 
slowly and the gages read when a crack 


was first noticeable. The load was in- 
creased further to allow more cracks to 
develop and propagate (Fig. 4). 

The stress-coat experiment was per- 
formed while the notched section was still 
elastic. A high sensitivity coating was 
used to allow crack formation to begin at 
a low load; as a result, there was no 
danger of exceeding the elastic limit. The 
coating was then removed with a little 
acetone, and the X-ray measurements 
continued as the bending moment was in- 
creased. 


E. Determination of Elastic Limit in 

Uniaxial Tension 

It was deemed desirable to have a 
mechanical determination of the elastic 
limit in tension for comparison with the 
value as determined from the X-ray 
measurements in bending. For this pur- 
pose, two specimens were cut from the 
test plate as shown in Figs. 1 and 5. 
These specimens were taken from the plate 
after the X-ray measurements were termi- 
nated and from a section which had re- 
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Fig. 6—Distribution of Longitudinal Stress in a Notched Flat Plate in Bending 
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Fig. 7—Distribution of itudinal and Transverse Stresses for the Points 0.03 and 


0.1 In. Away from the Notch as a Function of the Applied Bending Moment 


mained elastic. The dimensions of the flat 
tensile specimens used are shown in Fig. 5. 


Table 1—Data from Stress-Coat Ex- 
periment 


Av. Gage Reading 


in Microin./In. Remarks 

80 No cracks visible 

100 Nocracks visible 

130 No cracks visible 
150 First appearance of 
crack inside notch 
170 More cracks visible 
190 Spread of cracks 
toward lip of notch 

210 Not much change 
230 First appearance of 


crack on surface of 
notch section 

250 Spread of cracks out- 
ward away from 
apex of notch 


Table 2—Results of Tension Tests 


Yield* Tensile 

Specimen Point, Psi. Strength, Psi, 
1 34,600 61,200 
2 34,700 61,400 


° see diagrams, Figs. 12 and 13. 


To record the strain at each applied 
load, two strain gages, one on each side, 
were placed on both of the test specimens 
to check any eccentricity that might be 
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present during the loading which was car- 
ried out in a hydraulic testing machine of 
65,000 lb. capacity. A deviation of the 


load-strain diagram from a straight line 
was taken as the criterion for the de- 
termination of the elastic limit, 


Results 


All the data obtained in the present 
research and the results derived therefrom 
are incorporated in Tables 1 and 2, and 
Figs. 6-13. 

Table 1 represents the results of the 
stress-coat experiment. 

Table 2 contains the results obtained 
from tension test on the two flat specimens 
cut from the plate. 

Figure 6 is a plot of the longitudinal 
stress versus the distance away from the 
notch in the elastic range. Two curves 
are shown for two different applied loads, 
the dotted lines representing the average 
stresses as calculated by Equation 2. 
Both curves were extrapolated from the 
point 0.03 in. to the lip of the notch in 
order to obtain the stress at that point. 
The steep variation in the stress and the 
balancing of the areas below and above 
the value of the average stress are to be 
noted. 

Figure 7 is a plot of the longitudinal and 
transverse stress as measured by X-rays 
for points 0.03 and 0.1 in. away from the 
notch as a function of the applied bending 
moment. 

The transverse stress for the point 
0.03 in. away of the notch was found to be 
practically zero. It is seen that the stress 
increases proportionally to the applied 
bending moment up to a given value of 
the latter, starting from which there is a 
sharp bend in the stress-load diagram 
with the stress remaining practically con- 
stant for the point 0.03 in. away from the 
notch. It is also seen that the slope of 
the proportional part of the diagram 0.03 
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Fig. 8—The Amount of Residual Stress as a Function of the Applied Bending Moment 
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Fig. 9—Distribution of Longitudinal Residual Stress in a Notched Flat Plate After 
Unloading from an Increased Applied Bending Moment 


in. away from notch is steeper than 0.1 in. 
away from the latter, whereas the applied 
bending moment at the bend of the dia- 
gram is considerably smaller. Finally, 
the value of the stress itself at the bend 
point is slightly greater for the point 0.1] 
in. away from the notch. The significance 
of these details will be discussed later. 

Figure 8 represents the amount of 
residual stress found at the point 0.03 in. 
away from the notch after unloading from 
increasing values of the bending moment. 
The trend is linear up to the value of 
residual stress = 30,000 psi. compression. 
It is to be noted that by extrapolating the 
diagram to the zero value of residual! stress 
the same value of the bending moment is 
obtained as that at the bend of diagram, 
Fig. 7. 

Figure 9 is a plot showing the increase in 
the amount of the residual stress, by un- 
loading from successively larger bending 
moments versus the distance from the 
notch. The last curve shows a residual 
stress across the width of the entire notched 
section. These curves were obtained on 
the convex side of the plate (as in bend- 
ing) 

Figure 10 shows the distribution and re- 
orientation of the longitudinal and trans- 
verse stresses as the bending moment is 
increased. Due to the smallness of the 
transverse stress, X-ray measurements 
were made in this direction only when the 
bending moment had reached a value of 
1200 in.-lb. The curve marked 436 was 
determined while the notched section was 
still elastic; all other curves are for bend- 
ing moments greater than that corre- 
sponding to the elastic limit of the ma- 
terial. The shifting of the peaks of the 
curves to the right while part of the 
notched section is still elastic is quite 
interesting. It is also to be noted 
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that the peak stresses shift back again 
toward the notch when the entire width 
of the section is plastically deformed. 

In Fig. 11 is shown the effect of plastic 


strain on the stress concentration factor 
for a point 0.03 in. away from the notch 
Note that it approaches unity as a limiting 
value. 

Figures 12 and 13 represent the results 
of the tension test on the two flat speci- 
mens. A load of 500 Ib. was taken as the 
starting point, and from there changes 
in strain were recorded as the load was 
increased in increments of 500 Ib. Note 
the agreement between gages up until the 
elastic limit is reached, then as the load is 
still further raised, the giving of one gage 
sooner than the other. The deviation of 
the load-strain diagram from a straight 
line at the elastic limit is quite evident. 


Discussion of the Results 


A. Stress Concentration Factor and Stress 
Distribution in the Elastic Range 


The steep variation of the longitudinal 
stress is well known for the range of elastic 
loading. Figure 6 confirms this fact 
However, a point of interest is the localiza 
tion of the maximum effect of the notch 
The measured stress at load is found to 
approach the value of the average stress 
at a point approximately 0.4 in. away from 
the notch; from there it drops slightly 
below the average stress, assuming a fairly 
constant value out to the other edge of 
the plate. The stress curve is very steep 
until the point 0.2 in. is reached; there- 
after the change in slope is more gradual. 
Hence, it can be stated that only within 
the area 0.2 in. away from the notch does 
the value of the true stress differ radically 
from the average stress. The areas below 
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and above the average stresses are seen 
to be in balance as they should be for 
equilibrium. 

In the present investigation, the speci- 
men was notched from only one edge. 
However, on the basis of the foregoing dis- 
cussion it appears justified to state that 
the presence of an oppositely located 
notch would not have affected materially 
the picture presented here. 

To obtain the maximum stress at each 
of the applied loads, both of the elastic 
curves were extrapolated to find the stress 
at the lip of the notch. The value of the 
stress here, divided by the corresponding 
value of the average stress gave the stress 
concentration factor. As should be the 
case, both curves gave a value of 2.5. As 
far as it is known, no one has treated the 
same problem theoretically, and so a 
direct comparison with previous values for 
the same notch is not possible. However, 


Neuber™ gives a value of 2.75 for an’ 


identical notched plate pulled in tension. 
The value taken from the work of Frocht® 
for pure tension is closer to 3.00. 

Table 1 indicates that the first appear- 
ance of a crack in the stress coat came at 
a strain of 150 microinches per inch. 
Using Equation 2, the average stress across 
the notched section at this load is found 
to be 5760 psi. Since the stress coat was 
designed to crack at 15,000 psi., the 
stress concentration factor is 15,000/5760 
= 2.6. This value is commensurate with 
the one obtained from the X-ray measure- 
ments. 

Assuming that there may be a slight 
error involved in the extrapolation, it 
appears that the stress factor in trans- 
verse bending is comparable with that for 
pure tension and lies somewhere between 
2.5 and 3.0. 


B. Effect of Stress Concentration and 
Bending on the Yield Point 


It will be recalled that what the X-rays 
really measure is a change in the inter- 
atomic distance. By its very nature such 
a change can be only of an elastic origin. 
Therefore, as long as the deformation in 
bending is purely elastic, the X-ray stress 
increases proportionally to the applied 


3.0 


Specimen No 4 
S.A.E. 1020 
/ 
/ 
/ 
EL. 8500-34 600 
-188 4 

6000 Gage No. 4 

3 

3 00 

+ 
2000 
° 
° 400 800 1200 1600 2000 


Change in strain - micro-inches per inch 
Fig. 12—Load-Strain Diagram for Sposiees No. 1 Cut from the Original Notched 
t Plate 


bending moment. However, when the 
yield point is reached, plastic flow sets in 
at a constant (or even decreasing)’ value 
of stress at the point considered; hence 
there is a sharp departure from the pro- 
portionality between X-ray measurements 
and applied bending moment. This situa- 
tion is represented in Fig. 7. Considering 
first the point 0.03 in. away from the 
notch, it will be noticed that the X-ray 
stress after having reached the value of 
32,800 psi. remains practically constant, 
despite the increase of the bending 
moment. Therefore, the figure of 32,800 
psi. represents the value of yield point 
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Fig. 11—The Effect of Plastic Flow on the Stress Concentration Factor for a Point 


0.03 In. Away from Notch 
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at this particular point. As there is no 
transverse stress detectable at this point, 
the figure of 32,800 psi. refers to the value 
of yield point in uniaxial tension. Now, 
from Fig. 6 it is apparent that the stress 
concentration at the particular point con- 
sidered is 2, and that there is a considerable 
stress gradient across the width of the 
specimen. Additional stress gradient 
across the thickness is caused by bending. 
In spite of all these restraining factors the 
value of 32,800 psi. agrees, within the 
limits of precision, with the value of yield 
point as determined in uniform tensile 
test, Table 2 and Figs. 12 and 13. In 
other words, the X-rays reveal no increase 
of yield point as a result of notching or 
steep stress gradients. This finding is in 
complete agreement with the results of 
X-ray measurements in pure bending re- 
ported previously.’ 

In variance with the above results, an 
increase of the yield point ia amount of 
10% is found for the point 0.1 in. away 
from the notch, Fig. 7. However, this 
increase may be accounted for by the pres- 
ence of the transverse stress, when use 
is made of the now widely accepted cri- 
terion of plastic flow based on the shear 
strain-energy value. According to this 
criterion, if a is the ratio of the transverse 
to the longitudinal stress, S;/S, at the 
point considered, the value of S, at the 
yield point is increased over that in uni- 
axial tension by the factor 1/+/ 1 — a + a’. 
In the present case a = 0.222; thus the 
factor becomes 1/+/1 — 0.222 + 0.005 
= 1.10, hence S, = 32,800 X 1.10 = 
36,000 psi., in good agreement with the 
measured value of stress. 

Significantly, a similar increase of stress 
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Fig. 13—Load-Strain Diagram for Specimen No. 2 Cut from the Original Notched 
Flat Plate 


due to the transverse component is ob- 
served after the metal has undergone a 
limited amount of plastic deformation, 
Fig. 10, but the peak of stress produced 
by the biaxial state shifts toward the less 
plastically deformed parts of the specimen 
as the bending moment is increased. After 
the whole surface layer at the notched 
section has been taken beyond the yield 
point at 2130 in.-lb., the peak of stress 
shifts back toward its original position. 


At the same time, the stress close to the . 


notch also becomes greater. Since there is 
no transverse stress at this point to ac- 
count for this increase, it is possible that 
the metal has been already slightly work 
hardened. 


C. Influence of Plastic Flow on the Re- 
sidual Stress 


The appearance of a residual stress may 
be taken as an alternative proof of the 
initiation of plastic flow in a heterogene- 
ous stress field. Obviously, there can be 
no residual stress as long as the deforma- 
tion remains everywhere purely elastic. 
But if one part of the specimen has been 
permanently stretched, for example, as a 
result of overstressing, while the other 
remains unchanged, then, after unloading, 
the two parts can no longer fit together 
without mutual interaction. This condi- 
tion is revealed by the appearance of a 
residual stress. 

In accordance with the above picture, 
Fig. 8 shows that no residual stress has 
been found at the point 0.03 in. away 
from the notch, when the specimen was 
unloaded from various amounts of bending 
moments which were smaller than 810 in.- 
lb. However, when the unloading was 
carried out from bending moments which 
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were progressively higher than 810 in.-lb., 
increasing amounts of residual stress were 
measured. This is an indication that at 
the particular spot considered the yield’ 
point has been reached at 810 in.-lb. of the 
applied bending moment. Because of the 
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linear trend of the relation between re 
sidual stress and bending moment, at 
least up to 30,000 psi. residual com 
pression, the exact value of the yield point 
can be easily determined by means of 
extrapolation toward the zero value of the 
residual stress. The value thus detet 
mined agrees well with that found directly 
from diagram, Fig. 7. 

If Fig. 7 is combined with Fig. 8 for the 
0.03-in. point, Fig. 14, results. When the 
values of the stress measured at load are 
connected with the corresponding residual 
stress values, lines parallel to the original 
elastic curve result. This fact would tend 
to indicate the validity of Hooke’s law 
on unloading from the plastic range 

The last two lines were drawn dotted 
since the exact shape of the lower portion 
of the curve was not confirmed by actual 
measurements. However, if both lines 
were continued downward to meet the 
vertical axis, a residual stress greater than 
was actually measured would result. As 
suming that the last two curves were 
drawn correctly, the indication would b« 
that on unloading the material behaves 
elastically until a residual stress of 
— 30,000 psi., then before the entire load 
is removed, plastic flow sets in. In other 
words, plastic yielding in compression 
commences at a stress slightly lower than 
in tension (32,800 psi.). This phe 
nomenon recalls the well-known ‘‘Bausch 
inger”’ effect.?* 

However, in view of the limited amount 
of information, the above conclusion 
cannot be considered as definitely estab- 
lished. 

Turning back to the first three steps 
of unloading, it is seen that after each step 
the amount of applied bending moment 
required to resume plastic flow becomes 
greater. Since the process of unloading 
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Fig. 14—The Amount of the Residual Stress Obtained by Unloading from an Increased 
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and reloading involves here only elastic 
deformation, the stress produced by the 
loading, or shortly the load stress, also is 
greater. This phenomenon amounts to an 
apparent strain hardening, but contrary to 
what happens in uniform tension, it is 
due to the increase of the residual com- 
pression and not to the increase of the 
yield point. It has been shown elsewhere® 
that because of the existence of the re- 
sidual stress, the yield point is reached 
only when the combination of the load 
stress (L.S.) and the residual stress (R.S.) 
fulfills the condition for plastic flow. This 
condition is expressed as follows for the 
uniaxial state 


LS. + RS. =Y.-P. (1) 


The above relation shows that the in- 
crease of the residual compression requires 
a higher value of the load stress for the 
initiation of plastic flow, hence the apparent 
phenomenon of strain hardening. Con- 
versely, from Equation 1 it may be in- 
ferred that if the yield point remains 
constant, but the applied load increases 
during the local plastic flow, then the 
residual compression must become greater. 
Or, speaking more generally, the alge- 
braic value of the residual stress must be- 
come smaller. Thus, if residual tension 
were induced at the bottom of the notch 
by some previous treatment, a gradual re- 
moval of the residual tension may be 
anticipated as a result of overstressing. 
This process was actually observed on an 
unnotched specimen, and it may be safely 
expected to occur under present testing 
conditions, since the notch has proved to 
be without influence on the initiation of 
plastic flow. The value of bending 
moment necessary to remove a prede- 
termined amount of residual tension can 
be easily determined from Fig. 8. It is 
equal to the value of bending moment 
which would have produced an equivalent 
amount of residual compression in a stress- 
free specimen. This follows from the fact 
that if the process of unloading is of an 
elastic nature, the residual compression 
will substract from the residual tension, 
leaving a stress-free condition at the point 
considered. 


D. Effect of Plastic Flow on Stress Con- 
centration Factor 


It was stated previously that the longi- 
tudinal stress for the point 0.03 in. away 
from the notch remained fairly constant 
even though the applied bending was 
steadily increased (Fig. 7) beyond the 
value corresponding to the maximum 
elastic stress. Such being the case, and 
since the average stress across the notched 
section is steadily raised, the stress con- 
centration factor (by definition) should 
decrease. Figure 11 shows that after 


an applied bending moment of 800 in.- 
Ib. is reached, the stress factor at the point 
0.03 in. drops steadily from a value of 2.0 
to a limiting value of unity, at which 
value the whole surface layer at the 
notched section exceeds the yield point. 
There are definite indications from the 
stress-strain measurements reported in the 
literature that only a very limited amount 
of plastic flow (perhaps as little as 0.1% 
can be involved in the above process.* 
It appears therefore that for the type of 
notch considered in the present research 
the stress concentration factor is not likely 
to have any significant effect on the be- 
havior of steel in the notch-bend test, 
except possibly under totally brittle con- 
ditions. Further work will show whether 
the above conclusion can be extended to 
more severe types of notch involving bi- 
axial as well as triaxial states of stress in 
their immediate neighborhood. 


Conclusions 


On the basis of the foregoing results the 
following conclusions can be drawn: 

1. The stress concentration factor for 
elastic loading as determined by X-ray 
diffraction is in good agreement with the 
value determined from the stress coat, and 
is what could be expected from theory. 

2. The stress concentration and the 
stress gradient resulting from bending have 
no effect on the initiation of plastic flow in 
the immediate vicinity of the notch. 
There, the state of stress is almost uni- 
axial, and plastic flow sets in at the yield 
stress for pure tension. 

3. An effective increase of yield point 


_in amount of 10% due to biaxiality was 


measured by means of X-rays at some dis- 
tance from the notch. This increase is well 
accounted for by the shear strain-energy 
criterion, and it persists even after a 
limited amount of plastic flow has taken 
place. 

4. The X-ray diffraction method has 
supplied experimental support to the as- 
sumption that even a limited amount of 
plastic flow will reduce substantially the 
stress concentration factor and at the 
same time bring about a more uniform 
stress distribution across the width of the 
notched section. 

5. The production of a more uniform 
stress distribution is accomplished by 
introducing residual compressive stresses 
at and around the notch. Asa result, the 
specimen is capable of withstanding a 
higher applied load upon reloading without 
an apparent change in the mechanical 
characteristics of the material. In the 
present research no appreciable change 
in the yield point was observed even 


* This question will be anaiyzed in more detail 
in a later publication, 


though the applied load was increased 
further by 100%. 

6. From the results it can be inferreg 
that in the immediate vicinity of the notch 
the removal of residual stresses by plastic 
flow is no different from that in an un- 
notched plate. 

7. The present research has proved 
that the X-ray diffraction technique is g 
suitable tool for the investigation of a 
series of borderline phenomena of de. 
formation which cannot be easily studied 
by the available mechanical means, jy 
particular: 


(a) The yield point in heterogeneous 
stress field. 

(b) The state of stress in the transition 
state of partly elastic and partly 
plastic type of deformation of 
metal. 

(c) The influence of plastic flow on the 
stress concentration factor in 
notched specimens. 
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Critical Review of the Weld Stress 
Problem 


By J. T. Norton* and D. Rosenthal* 


Summary 


brittle failures in weldments has been briefly summar- 

ized, and an attempt has been made to outline an 
integrated program of research for its solution. The sug- 
gested program reduces the above problem to the one 
of establishing a system whereby the performance of any 
type of steel for any type of welded structure may be 
predicted from a few laboratory specimens. 


I: THIS review the present status of the problem of 


Statement of Problem 


Ship failures have demonstrated that fracture can 
occur with little or no prior plastic deformation and 
under conditions which cannot be predicted either from 
the usual mechanical characteristics of the steel or from 
the usual methods of computation. These failures have 
occurred under a relatively small number of repetitions of 
load, and direct measurement of working stresses, as 


well as laboratory investigations’, have indicated 
that the average stress, computed over the section of the 
welded parts, was well below the yield point of the mate- 
rial. Obviously, stresses much higher that the average 
values must have existed at the point of fracture due to 
some sort of stress concentration. Because of imper- 
fection in design or fabrication, such stress concentrations 
are inescapable in any type of construction. 

Under conditions of fatigue, it has been possible to 
account for the effects of stress concentrations both ex- 
perimentally and by computation.” Recent experi- 
ments,' have indicated that there may be an equal 
danger for a single application of load provided the 
conditions are such as to lead to a brittle fracture. The 
conditions may be pictured somewhat as follows. Be- 
cause of unavoidable imperfections of design or construc- 
tion, a local exceeding of the yield point takes place under 
a relatively small value of the average working stress. 
There are indications,? that the amount of plastic 
flow in this process is very small, probably less than 
0.2%. If the margin of plastic flow separating the yield 
point from fracture is substantially greater than 0.2%, 
this local yielding will have little effect on the safety of 
the structure. On the other hand, if the amount of 
plastic flow which will produce fracture is of the same 
order of magnitude as that due to local overstressing, 
then there is a real danger of failure. 

From the above discussion there follows that failure 
can be expected only if conditions of fracture with little 
or no deformation have been developed. The exact 
knowledge of these conditions is therefore a prerequisite 
for the solution of the weld stress problem. The purpose 
of the present review is to summarize briefly what in- 


* Department of Metallurgy, Massachusetts Institute of Technology. 
t Numbers indicate references at the end of paper. 


formation is available and what must be obtained to 
secure such a knowledge. At the same time, an attempt 
will be made to indicate how this information may be 
helpful in establishing a better criterion of suitability of 
a given type of steel for welded construction. 


Criteria of Brittle Failure 


Flow Stress and Fracture Stress —A convenient and 
now widely accepted way of describing the behavior of 
metal under stress is to state that it deforms plastically 
or breaks in a brittle fashion according to whether the 
flow stress or the fracture stress is exceeded first, after the 
elastic state has been terminated.* The way in which 
these two values are determined and the factors on which 
they depend are important elements of the weld stress 
problem and therefore must be analyzed in some detail. 

Determination of Flow Stress.—It has been fairly well 
established that in single metal crystals the phenomenon 
of plastic flow can be reduced to a process of slip on a 
family of crystallographic planes along a crystallographic 
direction lying in these planes.‘ The plastic flow sets 
in when the shearing stress in the direction of the slip, or 
shortly the resolved shear stress, reaches a critical value, 
this regardless of the value of any other stress acting on 
the crystal.‘ In a polycrystalline material the appear- 
ance of slip bands in the individual grains or crystals and 
the flow figures on the surface of the specimen are indi- 
cation that the plastic flow is here likewise a slip phe- 
nomenon’ and that it is caused by shear. This indication 
is fully supported by the measurement of interatomic 
distances? which shows that during the initial stage of 
plastic flow the distance between atoms remains con- 
stant, as it should if the deformation is reduced to a 
simple process of slip.* Because of the random orienta- 
tions of grains and the interaction between grains caused 
by this type of orientation, the condition for plastic flow 
in a polycrystalline material is governed by a different 
criterion than the critical value of the resolved shear 
stress which is valid for single crystals. This criterion, 
which postulates a critical value of the shear strain 
energy value at the yield point,® was set forth origi- 
nally with no regard to the condition of flow in the 
individual grains. However, recently it has been shown’ 
that by taking into account the random orientation of 
grains in a polycrystalline material, the shear strain 
energy criterion can be derived from the concept of the 
resolved shear stress for a single crystal. This circum- 
stance would tend to disprove the criterion of the maxi- 
mum shearing stress as a physical condition of flow in 
polycrystalline material. However, it must be said in 
all fairness that in so far as biaxial states of stress are 
concerned, the discrepancy between the shear strain 


t Eventually, a decrease of the interatomic distance may be observed if there 
is a drop of stress after the initiation of plastic flow.* 
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energy and maximum shear criterion is at the most 12%. 
This figure, according to some recent critics,* has not 
been sufficiently assessed by the experiment to discard 
the use of the more simple maximum shear stress cri- 
terion. 

No experiment has been carried out so far to find out 
what is the situation in a triaxial state of stress, but the 
proposed investigation on a triaxial specimen” is likely 
to shed some light on this situation. 

Determination of Fracture Stress—Single crystals 
which fail in a brittle fashion, i.e., without previous slip, 
fracture along a crystallographic plane which in the case 
of cubic crystals is parallel to the cube face.‘ This type 
of fracture is called a cleavage fracture. The critical 
value of the stress component which is normal to the 
face of the cube appears to be the governing factor of such 
a failure.‘ If the single crystal undergoes considerable 
plastic flow before failure, the type of fracture is not so 
easily determined,‘ although in some instances the proc- 
ess of slip seems to have almost shorn off one part of the 
crystal from the other, suggesting a type of fracture which 
may be called a shear fracture."! 

Cleavage and shear fractures can be observed also in 
the case of a polycrystalline material, but at variance 
with single crystals, considerable plastic flow may pre- 
cede both types of fracture.’* Whether or not there 
is plastic flow before failure, the cleavage fracture when 
it occurs seems to follow the cube face in each individual 
grain of the polycrystalline material, just as it does in 
the case of a brittle single crystal. Thus the mechanism 
of rupture appears to be the same in both cases. How- 
ever, the similarity of fracture does not imply that the 
criterion of maximum normal stress is applicable to the 
phenomenon of fracture in a polycrystalline material. 
An attempt to apply this criterion to failures under bi- 
axial tension in tubings subjected to internal pressure and 
external load has met with only partial success; that is, 
the average true stress on the actual area of fracture was 
more or less independent of the degree of biaxiality,*."" 
but tubings tested in uniaxial tension axially and circum- 
ferentially gave appreciably lower results than ordinary 
tensile tests on coupons cut from the tubes. One 
reason for this discrepancy may be the change produced 
in the stress situation by necking,®* another reason may 
lie in the various amounts of deformation produced 
in the three principal directions. It has been also 
shown". " that fracture stress is not independent of the 
strain history. In so far as the weld stress problem is 
concerned the above results are further weakened by the 
fact that they were obtained after considerable amount 
of plastic deformation had taken place. Little informa- 
tion is available on the failure of metals under biaxial 
tension with little or no plastic deformation. Tests on 
cast iron have indicated, however, that the constant value 
of the maximum normal stress was the best approxima- 
tion for this brittle material.” 

The criterion of maximum normal stress may be 
seriously questioned, when one comes to consider failures 
under a triaxial system of stress... Experiments show” 
that the average true stress on the actual area of fracture 
in notched specimens increases as the degree of triaxiality 
goesup. The above result is of especial interest as it refers 
to moderate amounts of plastic flow (5 to 6%). How- 
ever, the relation between the true stress situation at 
failure and the average situation determined by means 
of the conditions of plasticity remains an unknown fac- 


tor. Besides, when plastic deformation at failure be- . 


comes smaller than 2%, the situation is further compli- 
cated by the notch effect.". *4 

In view of the present state of affairs it does not seem 
that the weld stress problem can be much helped by a 
detailed discussion of the proposed theories of frac- 
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‘4. 17, 33 [t is believed that one may come 
nearer to the solution by studying directly the factors 
which contribute to the brittle failure and in particular 
by determining their effect on the ratio of flow stress to 
fracture stress. 


Factors Affecting the Ratio of Flow Stress to 
Fracture Stress 


From the available information the following factors 
have a more or less pronounced influence on the above 
ratio: (a) plastic deformation, (b) temperature and rate 
of straining, (c) state of stress including notch and size 
effects, and (d) type of steel. These factors are analyzed 
below in more detail. 


(a) Plastic Deformation 


The well-known phenomenon of strain hardening with 
the ensuing loss of ductility can be interpreted by saying 
that plastic deformation raises the ratio of flow stress to 
fracture stress. But ship failures are associated with so 
little plastic deformation that this factor can be operative 
only if it affects the mechanical properties of steel before 
the latter has been put into service. For this reason and 
also because the effects of plastic deformation depend on 
the manner in which the metal has been deformed," '* 
it is better to consider this factor as a characteristic of the 
steel itself. 


(b) Temperature and Rate of Straining 


Experiments seem to indicate that by lowering the 
temperature the flow stress increases more rapidly than 
the fracture stress, and eventually reaches the value of 
iracture stress. Under these circumstances a transi- 
tion from ductile to brittle failure is observed.*. ” 

Increasing the speed of deformation, for example from 
static to dynamic rate, has a similar effect as lowering the 
temperature. By combining these two effects it is thus 
possible to produce brittle failures in an ordinary mild 
steel, in notched condition, within the range of atmos- 
pheric temperatures.” If transition from ductile 
to brittle failure has been obtained for a given combina- 
tion of temperature and rate of straining, the same transi- 
tion can be reproduced, by either lowering or raising both 
factors simultaneously." The functional relation be- 
tween the rate of straining and temperature at the 
transition state from ductile to brittle failure, or, shortly, 
at the limit of plastic flow, is represented fairly well by the 
following formula at and below the room temperature :” 


logy = A — B/T (1) 


Here v is the rate of deformation, eventually the rate of 
application of load,” 7 the absolute temperature in °K., 
and A and B are constants depending on the specific 
conditions of testing and type of steel used. 

In the above formula, if log v is plotted against the 
reciprocal of temperature 1/7, a straight line results, Fig. 
1. A is then the intercept of this line on the log v axis 
and B is the slope. For practical applications it appears 
more advisable to limit the upper part of this diagram to 
the neighborhood of the room temperature, 7). If 
is the value of rate of deformation, measured (or extra- 
polated) for the temperature 7%, then Equation | may 
be rewritten as follows: 


log v = logy — B (7 


Log v is now the intercept on the axis drawn through 
the point 1/7y. This intercept may be called Ay so that 
Equation 2 reads: 
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Obviously, the limit of plastic flow as represented by 
the above relation must correspond to some small but 
definite amount of plastic deformation, e, for example to 
e = 0.1%. In other words, the line MN, Fig. 1, is a 
locus of points having a constant value of e. But ac- 
cording to a recent work,” any other value of e, for ex- 
ample e = 0.2% or 2%, also may be expected to lie on a 
straight line, each line having a different slope and all 
of them passing through the same point M, Fig. 1. This 
circumstance should be particularly helpful in estab- 
lishing a plot of various amounts of plastic deformation 
before failure. Further simplification could be made 
in this plot by using the concept of the velocity modified 
temperature*! as explained in the Appendix. In either 
case, such a plot would be of incalculable value for the 
solution of the Weld Stress Problem, but further experi- 
mental work is necessary to give full support to the above 
deductions. 


(c) State of Stress 


The influence of state of stress on the occurrence of 
brittle fracture has not yet been sufficiently clarified, 
and a great deal more research in this direction is needed. 
In practice, the state of stress in welded joints seems to 
be governed more by the geometry of these joints than 
by the nature of the external loading.' Three main 
variables appear to emerge in so far as the joint geometry 
is concerned: (1) the degree of triaxiality, (2) the notch 
effect and (3) the size effect. The influence of these 
variables on the brittleness of steel may be determined 
experimentally by studying their effect on the limit of 
plastic flow as represented by diagram log v — 1/7, 
Fig. 2. 


There are indications: **: that by inereas- 
ing the severity of the notch or the size of the specimen 
the line MN will shift toward the origin O, thus reducing 
substantially the margin of safe temperatures and rates 


of deformation. Data are lacking to represent the exact 
trend of this variation, but the latter may be pictured as 
producing changes of A» as well as B in Equation 3 
somehow along the lines indicated in Fig. 2. That is, 
the sharper the notch or the larger the specimen the 
smaller the intercept A and the steeper the slope B. 

So far there is no direct indication as to how the de- 
gree of triaxiality will influence the position of the line 
MN, Fig. 2. It is known though that a uniaxial stress 
field can only exceptionally produce a brittle fracture in 
an ordinary mild steel, and even then the temperature 
of brittleness is far below the atmospheric range.'* 
The influence of biaxial states is an object of a research 


N 


in progress, but here, too, indications are that the term- 
perature of brittleness is very low. Because of the use of 
notched bars, the influence of a triaxial state so far has 
been partly masked by the notch effect which appears 
when the deformation falls below some 2%.** To be sure, 
from the behavior of notched bars which fail with a de- 
formation greater than 2%, it may be inferred that increas- 
ing the degree of triaxiality will produce a shift of the 
limit of plastic flow, as represented by line MN, Fig. 2, 
ie., closer to the origin O. But if quantitative data are- 
sought, it would appear more advisable to do away with 
the notch, perhaps by making use of the recently pro- 
posed triaxial specimen.” 

In addition to the above solution, there appears to be 
a real need for a better understanding of the notch and 
size effects. Neither of them is adequately accounted for 
by the purely elastic behavior of the specimen. Thus, 
the notch effect appears to be less drastic than as pre- 
dicted from the stress concentration factor in the elastic 
range,'*» “ and the size factor is nonexistent in this 
range. Therefore, the explanation of these two effects 
must be sought in the conditions created by a local 
and limited plastic flow rather than by a purely elastic 
deformation. 

At variance with the above statement some investi- 
gators have tried to explain the behavior of notched 
specimens by assuming that the stress gradient around 
the notch creates a substantial increase of the yield point, 
thus extending the elastic state beyond the limit deter- 
mined from uniform stress fields. This assumption has 
been based on the observation of stress-strain diagrams, 
which in heterogeneous stress fields depart from Hooke’s 
law at values which were sometimes as much as 50% 
higher than in uniform stress fields.**: *” 

Recent experiments with X-rays’. ® have led to a dif- 
ferent conclusion. These experiments have shown that 
the yield point was not influenced at all by the stress 
gradient and that it had the same value as in uniform 
stress fields. Therefore, the observed extension of 
Hooke’s law must be attributed to a plastic and not an 
elastic deformation. The fact that plastic deformation 
can proceed with stress increments which are almost the 
same as those in the elastic stage has been brought up 
before in connection with the problem of plastic flow in 
heterogeneous stress fields.“ It appears from this dis- 
cussion that stress gradients impose a restriction not on 
the value of yield point but on the amount of plastic 
flow. 

Under these circumstances, ordinary stress-strain re- 
lationships cannot be used very well for the determina- 
tion of yield point in heterogeneous stress fields. The 
X-ray technique appears more suitable for this applica- 


N 
Fig. 2—Log v —1/T Plot for 
Various Degrees of Triaxiality 

Increasing from 1 to 3 


Fig. l1—Log v — 1/T Plot for 
Various Limits of Plastic De- 
formation 


THE WELD STRESS PROBLEM 


° 
To 


Tm 


Fig. 4—Limiting Plastic Pe- 

formation as a Function ofjT,, 

for Various Degrees of Triaxi- 
ality Increasing from | to 3 


Fig. 3—Log v — 1/T Plot for 
Various Welded Joints 
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tion, as it measures only the elastic component of the de- 
formation.” It also appears to be more adequate for the 
investigation of the notch and size effects associated with 
small amounts of plastic flow.” 

So far investigations of this sort have been considered 
only for the surface condition, but the solution of the weld 
stress problem may require that measurement of stress 
be made also at some depth below the surface. Means 
for accomplishing this purpose are now under investiga- 
tion.” They should prove particularly helpful in the 
study of size effects contemplated in the experiment of 
rotating discs.*! 


Residual Stress 


In order to describe correctly the state of stress at a 
point, the residual as well as the load stress must be de- 
termined. In so far as welded plates are concerned ex- 
periments show” that the residual stress produced 
by welding plates up to 1'/2 in. thick is very nearly of a 
biaxial nature and that this type of stress is readily re- 
moved by small amounts of plastic flow.** Although the 
influence of the residual stress on brittle failure has not 
been determined with certainty, indications are! that 
it is much smaller than could have been anticipated on 
the assumption of an ideally brittle fracture. This would 
seem to indicate that what is commonly considered as 
brittle failure may actually involve enough plastic flow 
to reduce substantially the amount of residual stress be- 
fore fracture. 

Because of the above implication, it would seem de- 
sirable to have more data on the influence of the residual 
stress on the temperature of brittleness. The use of 
notched bars seems particularly advisable because of the 
ease with which the residual stress can be set up and con- 
trolled. 


(d) Type of Steel 


It now has become common knowledge that heats of 
mild steel of almost identical composition in so far as the 
usual five elements are concerned (C, Mn, Si, P and S) 
may exhibit temperatures of brittleness, under identical 
testing conditions, as wide apart as +80° F. and —20° F. 
It is also known that the same heat of steel may reveal 
brittleness at temperatures as wide apart as those quoted 
above according to whether or not it has undergone the 
so-called strain-aging treatment.” * 

The susceptibility of base and weld metals to strain 
aging as revealed by the shift of brittleness toward higher 
temperatures has been the subject of considerable study 
here and abroad.* The general consensus seems to be 
that the major cause of the above-described behavior 
are gases in metals. That this is so is proved by the fact 
that any steel-making practice which refines the metal 
by decreasing the total amount of absorbed gases makes 
it at the same time less sensitive to aging. This practice 
is usually called the deoxidation practice, although it is 
by no means certain that oxygen is the only or even the 
true agent of brittleness. There is as much evidence 
that nitrogen may be one of the governing factors.® * ® 
This evidence is based on the limited solubility of nitrogen 
in alpha iron and the observation that nitrides are being 
precipitated by small amounts of plastic deformation.” “ 
Experiments show that as the amount of nitrogen ap- 
proaches the saturation limit in alpha iron at 590° C., 
the susceptibility to aging increases appreciably.*! The 
above experiments refer to arc welds made in the at- 
mosphere of pure nitrogen with formation of iron ni- 
trides. Equivalent amounts of nitrogen absorbed in the 
steel-making practice or under different welding condi- 
tions may prove less harmful.* Obviously, not only 
the amount and nature of the absorbed gases are im- 
portant, but also the way in which they are present in 


WELDING RESEARCH SUPPLEMENT 


the metal, i.e., whether in solid solution, or precipitated, 
and if precipitated whether in the form of separate glo- 
bules or continuous layers around the grain boundary. *? 

The factors which govern the dissolution and distriby. 
tion of gases in metals with various steel-making prac. 
tices are still incompletely known. Although specia! 
types of deoxidized steel can be produced which will be 
almost entirely free of strain aging, it is by no means 
certain that such a high immunity against strain aging 
is required in all practical cases. Steels of the usual 
steel-making practice may prove quite adequate, if the 
temperature and strain rate range of their application is 
clearly defined. This can be done conveniently by means 
of the log v — 1/T chart described below. 


The Log v ine 1/T Chart of Steel 


In the previous discussion it has been pointed out that 
the limit of ductile failures, as indicated by the iine \/N, 
Fig. 2, might possibly be affected by: (1) the state of 
stress, notch and size effects, all of which for convenience 
have been called the degree of triaxiality, and (2) the 
type of steel. On this basis it should be possible to draw 
a chart similar to that of Fig. 2 for each type of steel and 
various degrees of triaxiality. Such a chart should prove 
of great value in deciding whether one type of steel is 
more suitable than another for a particular application, 
involving certain degrees of triaxiality and range of tem- 
peratures and strain rates. However, when defining the 
“type of steel,” the mechanical and thermal treatments 
also must be considered to which the steel has been 
submitted immediately before having been put into 
service. This condition applies more specifically to 
treatments produced by the welding operation itself. 
Fortimnately, means for duplicating such treatments on 
small-scale specimens are now available. 


The Choice of Specimens 


To be of any value the log v — 1/T charts must be 
established by means of standard specimens having well- 
defined degrees of triaxiality. Several types of specimens 
may be considered for this purpose, the most simple being 
the notched specimens with various degrees of severity 
of notch. From the practical point of view bend test of 
plates with a notched-weld bead may perhaps be the 
most suitable, provided it is possible to establish a con- 
venient range of triaxiality by varying the type of notch. 
Obviously, the choice of the proper type of specimen is a 
problem in itself which must be considered in the light of 
the discussion brought out previously in connection with 
the state of stress. Another important problem is that 
of a proper criterion of brittle failure. The angle of bend 
has heen used frequently as a measure of ductility, and it 
may still prove to be the most simple and convenient 
criterion of brittleness. Load-deflection diagrams have 
also been employed satisfactorily for this purpose.** ** *° 
Actually, neither of these criteria tells very much about 
the situation at the very location of fracture. A direct 
measure of the amount of plastic flow at the notch ap- 
pears much more desirable, as it may provide a clue to 
the true nature of the size effect. 

In so far as the type of notched specimens is con- 
cerned a great deal of progress could be achieved, if it 
were established what degrees of triaxiality it was ac- 
tually necessary to produce. To this end the behavior 
of various types of welded joint must be determined in 
the practically important range of temperatures and rates 
of straining. 
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The Log v — 1/T Chart for Welded Joints 


At present there are no systematic data on the behavior 
of welded joints as a function of temperature and strain 
rate. However, there are indications that the type of 
joint may be an important variable.”. “ This is not sur- 
prising considering the various notch effects which the 
welded joints exhibit in fatigue.’ In view of this situa- 
tion, it appears urgent to collect systematic data on the 
most typical welded joints, such as butt welds (tested 
longitudinally and transversely), tee and cross joints, 
and possibly some lapped joints. The program of these 
tests could be worked out much in the same way as for 
fatigue. That is, welded joints of various types will be 


submitted to a known type of loading. By varying the. 


temperature and rate of straining the limit of ductile 
failures will be established on the log v —.1/7 diagram 
as represented schematically by Fig. 3. Since the nature 
of base and weld metal is also a variable, the same type 
of steel and weld must be used for all welded joints. 
This would seem to indicate that separate charts must 
be established for each type of steel which is hardly a 
practical proposition. To avoid this difficulty a substi- 
tute method is proposed in a later section whereby the 
behavior of a joint of any type of steel may be predicted 
from that of a few notch-bend tests. 

Two other variables are involved in the testing of 
welded joints: the type of loading and the size of speci- 
mens. Concerning the first variable most of the parts 
welded in practice are plates, i.e., elements whose thick- 
ness is smalt as compared to the width and length. The 
state of stress of such elements under any type of loading 
practically is not higher than biaxial outside the welded 
joint, and the stress, transverse as well as longitudinal, 
varies linearly across the thickness. This type of stress 
distribution can be fairly well approximated in the labora- 


tory by submitting the welded joint to simple bending. 
Furthermore, if the joints are large enough with re- 

spect to their total thickness, a sufficient degree of bi- 

axiality can be developed due to the transverse restraint. 


The Substitute Method 


It was pointed out previously that the log »v — 1/T 
chart for welded joints will reflect only the behavior of 
the steel and weld which have been actually used for this 
determination. Nevertheless, the same chart can be 
employed for another type of steel or weld, if the follow- 
ing assumptions hold: 


1. A welded joint which fails in a brittle fashion for 
the same values of v and JT as a laboratory notch-bend 
specimen has the same degree of triaxiality at failure as 
the latter. 

2. The above relation is independent of the type of 
steel. 

On the basis of the above two assumptions it is suffi- 
cient to establish a correlation between the laboratory 
notch-bend specimens and full-scale welded joints for only 
one type of steel or weld (according to the location of 
fracture in the joint). From this correlation the degree 
of triaxiality of a given type of joint can be determined by 
simple comparison of Figs. 2 and 3 (or at least the degree 
of triaxiality which the joint possesses in a given range of 
speed and temperature, if the corresponding lines 1/ N in 
diagrams, Figs. 2 and 3, are not parallel). 

Once the degree of triaxiality at failure of the welded 
joint is known, its behavior in service for any kind of 
steel or weld can be determined by means of a few notch- 
bend specimens having the appropriate type of notch. 

The proposed system would work as follows: 
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Suppose it is desired to find out whether some kind of 
steel X can be used in a structure involving tee joints and 
subjected in service to a minimum temperature, T, and a 
maximum rate of speed, v,. From chart, Fig. 3, the 
degree of triaxiality of the tee joint is found to corre- 
spond to a certain type of notch, N, in the notch-bend 
specimens. 

Three or more specimens of steel X are then provided 
with the above type of notch after having undergone 
mechanical and heat treatments simulating the expected 
shop practice during construction. These treatments 
may consist of a certain amount of cold working followed 
by a heat cycle identical to that produced by welding. 

The specimens are then bent at the temperature 7, 
and at the strain rate v,. If the angle of bend is larger 
than the prescribed minimum, the steel is suitable for the 
welding design; otherwise, the type of joint or the type 
of steel must be modified. 


Conclusions 


In the light of the foregoing discussion the primary 
object of the weld stress program appears to be the solu- 
tion of the problem of brittle failures. In order to pre- 
pare a workable basis for this solution, the condi- 
tions of brittle failure have been reviewed and the fac- 
tors both physical and chemical analyzed in some de- 
tail. Three sets of factors emerge from this review: 


(a) the temperature and strain rate; 

(b) the degree of triaxiality, notch and size effects; and 

(c) the type of steel. 

If the temperature, 7, and rate of straining, v, are 
chosen as main variables and are plotted as 1/7 and log 
v respectively, the limit of ductile failure is represented 
by a straight line. The two other sets of factors then 
become parameters which effect the position and the 
slope of this line. However, systematic data are lacking 
to permit the establishment of a quantitative parametric 
relation. 

In so far as the variables listed under ()) are concerned, 
there seems to be a need for a proper interpretation of 
the size and notch effects in terms of state of stress or 
triaxiality at failure. Such interpretation will greatly 
facilitate the choice of the proper type of specimens. 

Likewise, there is a need for a better understanding of 
what makes two seemingly identical steels behave dif- 
ferently when temperature is lowered or when they are 
notched. A great deal of attention has been recently 
devoted to the so-called minor elements of steel of which 
the gases appear to be the most important components. 
But the effect of gases has not yet been sufficiently clari- 
fied to permit quantitative relationships; especially 
when it comes to a consideration of the phenomenon of 
strain aging. The best that can be done at present in 
this direction is apparently some kind of a rating that 
will classify the behavior of one steel with respect to that 
of another steel. The establishment of log v — 1/7 charts 
is suggested for this purpose for various types of steel 
treated identically and submitted to the same testing 
procedure. 

The practical solution of the weld stress problem re- 
quires that the behavior of various types of welded joint 
be known in the range of temperatures and rates of 
straining considered in service. This requirement calls 
for the establishment of log v — 1/7 charts for the welded 
joints. To eliminate the variables of type of steel and 
weld from the above charts a substitute method is sug- 
gested which will reduce the practical solution of the weld 
stress problem to a system of predicting the suitability of 
any type of steel to any type of welded structure from a 
few notch-bend specimens. 
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Recommendations for a Program of Research.—In line 
with the above conclusions the following tentative pro- 
gram of research appears advisable: 

1. The study of notch and size effects: more spe- 
cifically, the study of the influence of small amounts of 
plastic flow on the stress distribution in notch-bend speci- 
mens having various sizes and various types of notches. 

2. The use of notch-bend specimens of various degrees 
of triaxiality for the establishment of log v — 1/T dia- 
grams. 

3. The log v — 1/T charts for various types of steel 
and various mechanical and thermal treatments. 

4. Logv — 1/T charts for welded joints. 
5. The verification of the proposed substitute method. 


Appendix 


l. The Value of Stress at a Given Limit of Plastic 
Deformation 


According to the definition, the line MN, Fig. 1, repre- 
sents a locus of points for which failure occurs at a given 
(small) value of plastic flow = @. This locus is defined 
by the relation 


log v = A — B/T (1) 


where A and B are constants. 

But the stress S corresponding to the deformation ép is 
also a function of Tandv. It has been shown recently” 
that the combined effect of T and v can be represented by 
a single parameter 7, called the velocity modified tem- 
perature and related to v and T by means of the following 
equation 


v 
= 2 
1(1 K log (2) 
where K and % are constants. 
Hence 
S = f(Tn; (3) 
By comparing (1) to. (2) it is found that 
B= anda = 1 (4) 
Substituting (4) in (3) gives 
S = f(BK, e&) = const. (5) 


In other words, the flow stress has a constant value for 
all points lying on the line MN. Since the flow stress 
here is equal to the fracture stress, the same applies to the 
latter. Now it will be recalled that within the domain 
MNO the value of flow stress is at a maximurn along the 
line MN. Therefore, an increase of plastic deformation 
can be accomplished only by keeping the value of S below 
or at this value. According to the available data*' this 
condition amounts to raising the value of 7',, without 
modifying either K or log v. But raising the value of 
T» is equivalent to increasing the slope B, and since A re- 
mains unchanged, the locus of points corresponding to a 
greater value of deformation is represented by a line 
through M and lying inside the triangle MNO. 


2. The Velocity Modified Temperature for the 
Limits of Plastic Deformation in Steel and 
Welded Joints 


It has been shown *! that the velocity modified tem- 
perature 7,, defined by Equation 2 can be used as a 
means of representing the combined effect of strain rate 
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and temperature on the performance of a steel in tension 
test. It appears, therefore, that the same quantity can 
be used to account for the combined effect of the above 


' two factors on the occurrence of brittle failure, thus re- 


placing the log v — 1/T diagram by a single point. In 
diagram, Fig. 4, the new mode of representation has 
been shown schematically for a given type of steel. It 
is seen that the deformation e at fracture has been plotted 
as a function of 7, for various degrees of triaxiality. If 
the limit of plastic deformation is determined by a certain 
value of ¢ = é, then the corresponding values of T,, can 
be read directly from the diagram for the degrees of 
triaxiality investigated. The advantage of this mode of 
representation over that described in the main body of 
this report is that it gives a quantitative measure of the 
rate at which the deformation varies with T,,. Similar 
advantage can be derived when representing the results 
of welded joints. However, it must be borne in mind that 
the quantity measuring the amount of plastic deforma- 
tion in both cases must be chosen with some care to ac- 
count properly for the same degree of triaxiality. 
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Some Observations on the Effect of 
Oxygen on Carbon in Steel 


Leslie Fine* and Charles H. Maak* 


rium diagram would be of considerable interest 

to metallurgists. Due to experimental difficulties 
involved, however, it is unlikely that such a diagram will 
be presented in the near future. One of the authors in a 
previous paper’ has shown that oxygen and carbon can 
be simultaneously present in considerable amounts in 
rapidly cooled steel. Since then it has been observed 
that if such an oxygen-bearing steel be cooled under 
conditions of moderately slow cooling, the carbon is 
diffused out of the areas rich in oxygen. 

It has been observed by the authors that a drop in 
hardness occurs in the weld plane of as-welded oxy- 
acetylene pressure welds made of low-alloy medium- 
carbon steels under deliberately poor welding conditions. 
The alkaline chromate etch has shown evidence of con- 
siderable dissolved oxygen in such welds. With this in 
mind, further investigation of the effect of oxygen upon 
the behavior of carbon in steel was carried on and the 
evidence is herein presented. 

Decarburization in steel, as generally understood, is 


[= existence of an iron-oxygen-carbon equilib- 


* Metallurgical Lab., Menasco Manufacturing Co., Burbank, Calif. 


t It is not definitely known whether oxygen goes into solution in steel as the 
element or as an oxide of iron. In this paper “‘oxygen in solution” will be 
stated for the sake of simplicity of terminology 


Fig. 1—Alkaline Chromate Etch of SAE 1020 Heated at 2400° F. 
for Several Minutes in Oxygen and Air Cooled. The White Zone 
at the Surface Indicates the Presence of Dissolved Oxygen. 100 x 


the depletion of carbon at surfaces by exterior agents, 
such as gases or liquids. Decarburization may be inter- 
preted in a broader sense to mean the removal of carbon 
from one internal region to another by agencies present 
within the steel itself. To prevent misinterpretation in 
discussions of this internal carbon migration occurring 
in steel, it will be referred to as ‘‘auto-decarburization” 
as contrasted to decarburization caused by external 
agents. 

One of the characteristics of oxygen-rich regions in 
low-alloy medium-carbon steel is that at times these 
oxygen-rich areas are barren of carbide, appearing com- 
pletely ferritic. Under certain conditions this phenome- 
non is accompanied by an abnormal carbide content at 
the edge of the oxygen-rich region. Two examples of 
this carbide buildup are shown. In the first, a sample 
of SAE 1020 was heated for several minutes at 2400° F. 
in a slowly changing oxygen atmosphere. The sample 
was then air cooled. Figure 1 shows a section normal 
to the surface of the sample after etching in the alkaline 
¢hromate solution. It can be seen that a white area at 
the edge of the sample has been delineated by the etch 
and thus that this area contains dissolved oxygen. (The 
alkaline chromate etch! attacks, to a lesser extent, re- 
gions containing concentrations of dissolved oxygen. 


Fig. 2—-Nital Etch of Same Area as Shown in Fig. 1. Absence 
of Carbide in the Oxygen-Rich Area Is Seen, as Well! as the Ad- 
jacent Band of Pearlite. 100 x 
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Hence, such regions lightly attacked appear as white 
areas in a darker field.) Figure 2 shows the same area 
etched in nital. It can be seen that the identical region 
which is rich in oxygen also appears virtually free of 
carbide, and that there is an unusually large amount of 
pearlite concentrated in a belt at the edge of it. Figure 3 
shows a portion of the field of Fig. 2 at high magnifica- 
tion. It can be seen that the pearlite lammellae termin- 
ate abruptly without the presence of any grain boundary. 
The round inclusions in the light-etching oxygen-rich 
zone are FeO. This depletion of carbide in the oxygen- 
rich zone may be termed “‘auto-decarburization.”” The 
pearlite belt present might be due to nucleation by oxide 
inclusions at the base of the oxygen-rich zone, and thus 
lead to an alignment of the pearlite grains. In view of 
evidence presented further on, the authors feel that this 
nucleation hypothesis cannot be more than a partial 


Fig. 3—Alkaline Chromate Etch of a Portion of the Field of Fig. 1. 
The Juncture of the White rn and the Pearlite Belt is Shown. 
x 


, as Shown in Fig, 4. The Oxy- 
en-Rich Area Is Seen to Be Free of Carbide, an Adjacent Belt of 
Pearlite Having Formed. 100 < 
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explanation at most. It is realized that during air cooj- 
ing from the austenite state some carbon diffused out- 
ward as in normal decarburization. Since the area which 
is lacking in carbide is precisely the same as that rich in 
dissolved oxygen, and since the line of demarcation be- 
tween base metal and carbide-deficient area is so sh 
(contrary to the behavior of usual surface decarburiza- 
tion), the authors feel that outward carbon diffusion 
could not account for this condition. This belief is re- 
inforced by experimental results secured with oxygen- 
rich pressure welds which is discussed further on. 
Another example of carbide pile-up is shown in Figs. 4 
and 5. In this case, a sample of SAE 4130 was flame cut 
to produce a surface containing a high concentration of 
oxygen. The sample was then furnace annealed from 
1550° F. Figure 4 shows the light etching area which is 
rich in oxygen, as revealed by the alkaline chromate 


Fig. 4—Alkaline Chromate Etch of SAE 4130-Flame Cut, Then — 


Annealed from 1550° F. The eoge White Zone at the Surface 
of the Cut Indicates the Presence of Dissolved Oxygen. 100x 


Fig. 6—Nital Etch of an As-Welded NE 8630 Pressure Weld De- 
Poorly. The Weld Piane Is Rockwell ‘‘C’’ 20 


the Base Metal Rockwell "C’ 31. 250 X 
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Fig. 7—Alkaline Chromate Etch of the Same Area as Shown in 

Fig. 6. The Presence of Much Dissolved Oxygen Is Indicated. 

(The Hardness Impressions Appear Smaller Due to Repolishing.) 
x 


Fig. 9—Alkaline Chromate Etch of Same Area as Shown in Fig. 8. 
The Previous Microhardness Traverse Is Seen to Go Through 
the Oxygen-Rich Weld Plane. 250 X 


etch, and Fig. 5 the same area following an etch in nital. 
It can be seen that the oxygen-bearing region is almost 
completely ferritic and that there is a continuous band 
of pearlite between it and the base metal. 

To study the effect of oxygen on carbon and of the 
effect of both on the resultant hardness in oxyacetylene 
pressure welds, a sample weld of NE 8630 was deliber- 
ately prepared so that there was a sufficiently large 
quantity of dissolved oxygen along the plane of the weld. 
A careful study of the structure was made in the as- 
welded condition, in the quenched and tempered condi- 
tion, in the annealed condition, and also after subjecting 
the weld to a quench from within the critical range (be- 


Fig. 8—Nital Etch of the Same Weld as Figs. 6 and 7 After an 
Oil Quench from 1600° F. and 900° F. Temper. Hardness Is 
Uniformly Rockwell “C’’ 39. 250 x 


Fig. 10—Nital Etch of Same Section of Weld as Shown in Figs. 8 

and 9 Following Annealing from 1700° F. The Weld Plane, 

Which Appears Completely Free of Carbide, Has Hardness of 
Rockwell 85. 250 x 


tween Ar, and Ar;). For each of these conditions, a 
microhardness traverse was run across the weld and into 
the base metal. 

The pressure weld prepared is seen in Fig. 6 in the 
as-welded condition following a nital etch. The dis- 
continuity can be seen somewhat along the weld plane 
which appears deficient in carbide. It is interesting to 
note that the base metal has a hardness equivalent to 
Rockwell “C”’ 31, whereas the weld plane is equivalent 
to Rockwell “C” 20. Figure 7 shows the same area 
after repolishing and etching in alkaline chromate solu- 
tion. The previous hardness traverse indentations 
appear smaller due to repolishing. It can be seen that 
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the weld plane has a high oxygen content. Figures 8 and 
9 show the same weld after quenching into oil from 
1600° F. and tempering at 900° F. Figure 8, showing 
the results of the nital etch, indicates that all traces of 
decarburization apparently are gone, and that the hard- 
ness across the weld plane is uniformly Rockwell ‘“‘C” 
39. Figure 9 is the same area as the previous print, 
after repolishing and etching in alkaline chromate solu- 
tion. The unaffected oxygen content can be observed. 
Figure 10 shows the same sample etched in nital as shown 
in Figs. 8 and 9, and which was annealed from 1700° F. 
following the oil quench and draw. The weld plane 
again appears decarburized, this time completely so! 
This behavior is termed “‘auto-decarburization.”’ Figure 


Fig. 11—Nital Etch of Same Section of Weld as Shown in Figs. 8 

and 9 Following 1800° F. Soak, Furnace Cool to 1300° F., Held at 

1300° F. for '/. Hr., and Oil Quench. The Weld Plane, Which 

Is Completely Ferritic, Is Rockwell ‘‘B’’ 91. -Base Metal Is Rock- 
well “C” 47. 250 x 


Fig. 12. The Weld Plane Is Seen to Contain a Large Amount of 
Dissolved Oxygen. 250 X 


11 shows a nital etch of a section from this weld, but this 
time the sample was heated to 1800° F., furnace cooled 
to 1300° F. (between Ar, and Ar;), held at 1300° F. for 
1/, hr., and then oil quenched. The weld plane has 
broken down completely into free ferrite in a groundmass 
of martensite. In this case, the weld plane is Rockwell] 
“B”’ 91 and the base metal Rockwell “‘C’’ 47. Thus, in 
causing this very great difference in hardness, the weld 
plane was subject to ‘‘auto-decarburization.”’ 

From the evidence presented above, it may safely be 
said that the drop in hardness which has been observed 
to occur across specially prepared oxyacetylene pressure 
welds in the as-welded condition is due to the observed 
presence of oxygen concentration at the weld plane. The 


Fig. 12—-Nital Etch of an Electric Flash-Butt Weld in the As- 

Welded Condition. The Two Halves Are of Different Composi- 

tion, One Being and the Other Rockwell “‘C’’ 
; x 


. 14—Nital Etch of Same Weld as Shown in Figs. 12 and 13 
Following ealing. The Weld Plane Is Almost Completely 
Free Ferrite, Having a Hardness of Rockwell “‘B’ 79. Pearlite 

Grains Are Rockwell ““C” 25. 250 x 
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hardness drop itself is due to ‘‘auto-decarburization.” 
This conclusion is verified by the fact that ‘“‘auto-de- 
carburization” can be induced either by annealing or by 
quenching from within the critical range even after an 
austenitizing, quenching and tempering cycle which 
produces a weld of uniform hardness and uniform nital- 
etching characteristics. 

It may also be said that in the ifon-oxygen-carbon* 
system, oxygen plays a profound part in transformation, 
altering the characteristics of the iron-carbon* system. 
Further investigation cannot be made in this direction, 
but certain hypotheses may be presented at this time. 

One probable effect of the presence of oxygen is an in- 
crease in the temperature of the Ar; point. Figure 11 
shows the NE 8630 pressure weld which was held be- 
tween Ar; and Ar;. Immediately prior to quenching, 
the weld plane was completely ferritic while the ‘‘parent”’ 
metal on either side was approximately 10-20% ferrite 
and the balance austenite. (The austenite, of course, 
appears as martensite in the quenched structure.) This 
condition may be explained by the. Ar; temperature 
being higher for the oxygen-rich region, causing an 
earlier decomposition of austenite at the weld plane. 
Thus when decomposition of the parent austenite 
occurred, ferrite precipitation at the weld was completed 
or well on the way toward completion. If the above is 
true, a sufficiently rapid rate of cooling from above Ars 
should minimize or equalize the difference between re- 
gions of oxygen occurrence and unaffected metal. This 
apparently is the case as shown in Fig. 8, in which the 
oil-quenched and tempered structure is uniformly Rock- 
well “C”’ 39. 

Another possible effect of the presence of oxygen is an 
increase in the rate of diffusion of carbon in austenite. 
Reference has already been made to Fig. 5, which shows a 
flame-cut, oxygen-rich sample of 4130 which was furnace 
cooled from 1550° F, The time required for passage 
from Ar; (1405° F.), to complete pearlite formation 


(approximately at 1000° F.), for this steel was about 1 . 


hr. In that time the oxygen-rich zone 0.004 to 0.008 in. 
wide was almost completely deprived of carbon and a 
belt of pearlite formed at the edge of it. Such carbon 
depletion in this length of time at this low a temperature 
is considered unusual and may indicate an increased rate 
of diffusion of carbon. As previously discussed an 
elevated Ar; temperature is probable, and it would permit 


_ @ longer time between critical temperatures, but even 


with such a longer period of time, the depletion which 
occurred would still be unusually rapid. The presence 
of the carbon pile-up in the form of a belt of pearlite also 
points to the possibility of an increased rate of carbon 
diffusion. Since the carbon pile-up occurs, the base 
metal apparently does not act as a sufficiently rapid me- 
dium for the carbon to diffuse away from the interface 
as rapidly as carbon is transported there from the oxygen- 
rich area. Thus, the rate of carbon diffusion within the 
oxygen-rich area to the interface would appear to be 
greater than the rate in the iron-carbon system. If the 


* The presence of alloying agents is neglected in this terminology 


rate of carbon diffusion is accelerated by the presence of 
oxygen, such a phenomenon would be remarkable, inas- 
much as previous investigators? have found common 
alloying elements to affect the rate of carbon diffusion 


but little. 


An interesting comparison with the drop in hardness 
experienced in the oxyacetylene pressure weld is given 
by electric flash-butt welds. In previous investigations 
the drop in hardness occurring at the juncture of electric 
flash-butt welds in the as-welded state has been re- 
ported.*# In a previous paper’ by the authors and 
Anthony R. Ozanich, flash welds were shown to contain 
concentrations of dissolved oxygen at the weld plane. 
A good possibility is that the drop in hardness in flash 
welds is attributable to the presence of oxygen, as in the 
case of the pressure weld prepared so as to have oxygen 
present at the weld plane. 

Figures 12, 13 and 14 show an electric flash-butt weld. 
This particular weld has halves of different composition, 
and shows no dip in hardness at the weld in the as-welded 
state, evidently having been very rapidly quenched by 
the welding dies. This is shown in Fig. 12. Figure 13 
shows that considerable amounts of oxygen are present 
at the weld plane, as revealed by the alkaline chromate 
etch. Figure 14 shows the weld after annealing, a band 
of free ferrite being present at the weld due to “‘auto- 
decarburization”’ under the influence of oxygen. _ 

The authors have presented this article despite the 
fact that it has not been possible to continue with work 
on the iron-oxygen-carbon system. Although much 
more experimental data should be secured on the sub- 
ject, the authors feel that the information contained will 
be of general interest to workers in the field. 


Conclusions 


1. The lowering of hardness at the weld plane of as- 
welded pressure welds made to contain oxygen is due 
to the presence of oxygen, which causes ‘‘auto-decarbur- 
ization,” or the transport of carbon from one internal 
region to another. The consequent lowering in carbon 
content causes a reduction in hardness. . 

2. Oxygen in the iron-oxygen-carbon system may 
have the effect of raising the Ar; critical point and of 
increasing the rate of diffusion of carbon in oxygen-rich 
austenite. Further experimental work is necessary 
before definite conclusions might be reached. 
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Practical Significance of Report No. 14 


made in this investigation of the effect of spot 

welding on the sheet efficiency of aluminum alloy 
248-T. Since this effect depends upon the distribution 
of stress in the two sheets joined by spot welding, two 
different types of specimen must be considered. One is 
the stressed attachment type consisting of two tensile 
coupons which are stacked and joined together at the 
center by a spot weld. This specimen represents the 
case where a tensile load is carried jointly by a panel and 
a longitudinal stiffener. The other is the unstressed at- 
tachment type consisting of a tensile coupon at the center 
of which a small unstressed coupon is attached by a spot 
weld. This specimen represents the case where a tensile 
load is carried by a panel to which transverse stiffeners 
are spot welded. The results of this investigation are to 


On important observations have been 


be interpreted primarily in terms of sheet efficiency which - 


is not to be confused with joint efficiency. 

This investigation has disclosed important reasons for 
avoiding cracks in spot welds. The effect differs for the 
two specimen types described above. The most pro- 
nounced effect of cracked spot welds is on the ductility 
of stressed-attachment specimens where the total elonga- 
tion is reduced to approximately 1.5% in a 2-in. gage 
length that includes the weld. In this case the ultimate 
strength is reduced to a value only slightly greater than 
the yield strength of the material. In unstressed-attach- 
ment specimens considerable elongation occurs after the 
yield strength is reached. With the exception of cracked 
welds in stressed-attachment specimens, the presence 
of welds does not seriously reduce the yield strength of 
the sheet. The effect of cracked welds on sheet efficiency 
is nearly the same regardless of whether the cracks ex- 


tend to the surface or whether they can be detected only - 


by means of radiography. Although exact comparisons 
are not presented in this report, it is known that rivet 
holes have similar effects on sheet efficiency. 

This report describes two methods of investigating the 
effects of spot welding on sheet efficiency. One consists 
of studying the deformation which takes place in the 
vicinity of the weld by the photogrid process. The other 
consists of obtaining a complete stress-strain record of the 
specimens from no load to the breaking load. These 


* This is the fourteenth of a series of reports prepared by the R.P.I. Welding 
Laboratory research staff on spot-welding problems, equipment and technique. 
This investigation is under the joint auspices of the N.A.C.A., the Army Air 
Corps and the Navy Bureau of Aeronautics in cooperation with the Resistance 
Welding Committee of the Welding Research Council. Other reports will be 
issued from time to time as the work progresses in order to relay the informa- 
tion to the aircraft industry as rapidly as possible. Report originally sub- 
mitted to N.A.C.A., Jume 1943. 
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An Investigation of the Effect of Spot 
Welding on the Sheet Efficiency of 
Aluminum Alloy 24S-T 


By W. F. Hess,+ R. A. Wyant; and F. J. Winsor 


methods should prove useful in investigating and evalu- 
ating different welding conditions. 

Since this work was somewhat exploratory in nature, 
it was limited in scope to sheet material 0.040 in. in 
thickness and to static methods of testing. Further re- 
search is necessary to determine the effect of sheet thick- 
ness and residual stresses on sheet efficiency under static 
and repeated loads. 


Introduction 


This progress report is one of a series of reports on air- 
craft spot-welding research being conducted at the 
Rensselaer Polytechnic Institute. The report describes 
preliminary work in an investigation to determine the 
effect of spot welding on the sheet efficiency of aluminum 
alloy 24S-T. In addition to the authors, B. L. Aver- 
bach, W. T. Haswell and H. C. Cook, of the laboratory 
staff, participated in the investigation. Two types of 
specimen were studied as shown in Fig. 1, SA and USA. 
Specimen SA is referred to as the “‘stressed attachment” 
type which represents the case where stiffeners are spot 
welded to a panel and the completed assembly is sub- 
jected to a tensile load applied in the direction of the 
stiffeners. Specimen USA is referred to as the “un- 
stressed attachment’ type which represents the case 
where an unstressed attachment is spot welded to a 
panel which is subjected to a tensile load. Specimens oi 
both types have been welded under a variety of condi- 
tions to obtain welds free from cracks but different in 
size, welds with fine internal cracks and welds with large 
cracks visible at the surface. The work covered by this 
report has been limited to the aluminum alloy 245-T, 
0.040 in. in thickness, in both the bare and Alclad 
forms. 

Two methods were employed to study the effects of 
spot welds on the aluminum alloy sheet. One method 
consists of photographically printing a grid of fine lines 
precisely spaced on the surface of the specimen in the 
vicinity of the spot weld. The specimen is then tested 
to destruction in tension, after which local elongations at 
different points are obtained by measuring the distances 
between lines of the grid. By this method the effect oi 
the weld on the sheet can be measured in terms of its 
effect on elongation and ultimate strength. This method 
is more useful in studying the distribution of stress in the 
vicinity of the weld than in determining sheet efficiency. 
It is particularly useful in studying how failures start and 
progress. The most serious limitation of the method is 
its inability to provide a record of specimen behavior 
under elastic stress. 

The second method consists of loading the specimen 
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in a testing machine equipped with an automatic stress- 
strain recorder. The extensometer of the recorder is 
applied to the specimen so as to measure the strain in a 
2-in. gage length which includes the weld zone. This 
method is more useful than the above method because it 
provides a complete record of stress and strain from zero 
load to the ultimate load. As a result, the effect of spot 
welds on the sheet can be determined not only in terms 
of total elongatior’ and ultimate strength but also in 
terms of yield strength. With automatic recording equip- 
ment this method is much more rapid than the photogrid 
method. To meet some requirements, however, the 


The application of the photogrid process to the de- 
termination of strain distribution in metals has been pre- 
viously described in a paper by G. A. Brewer and R. B. 
Glassco of the Lockheed Aircraft Corp.' The process 
consists essentially of photographically printing a net- 
work or grid of fine lines precisely spaced on the surface 
of the specimen under investigation. After subjecting 
the specimen to deformation the local elongations can 
be determined by measuring the distances between the 
grid lines in the desired directions. Dr. Maurice Nelles 
of the Lockheed Aircraft Corp. suggested application of 
this process to the study of the effect of spot welding on 
the sheet efficiency of age hardening aluminum alloys. 


General Theory of Grid Application 


The process by which these grids are applied to metal 
surfaces consists of spreading a thin layer of ammonium 
bichromate and photoengravers’ glue on the prepared 
surface of the metal.? Light passing through the trans- 
parent areas of the master grid acts on the bichromate 
albumen rendering it insoluble in water. The specimen 
is washed in water to remove the unexposed soluble bi- 
chromate. The specimen is then dipped in an organic 
dye which is absorbed by the insoluble bichromate re- 
maining on the metal surface. When the surface is dried, 
the dye is fixed and cannot easily be washed off. This 
grid adheres very tightly to the surface and cannot be 
loosened even by breaking the specimen in tension. The 
grid is permanent and may be cleaned with acetone or 
trisodium phosphate if it becomes soiled or greasy. 


The Master Grid Problem 


Due to the nature of the present problem of studying 
local elongation in the vicinity of a spot weld, a grid of 
about 100 lines per inch is required. The precisign of the 
grid should be at least 0.25% with respect to the spacing 
of the lines and the width of the lines should be less than 
5% of the line spacing. The latter requirement is of 
considerable importance, since, in measuring the grid 
under a microscope, it is necessary to set a cross hair on 
the center of the line. The precision of these measure- 
ments is therefore greatly improved as the width of the 
line is decreased. It is not necéssary to have a master 
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Part I—The Evaluation of Sheet Efficien 
the Photogrid Process 


SHEET EFFICIENCY OF ALUMINUM SPOT WELDS 


two methods can be advantageously used to supplement 
each other. 

Under statically applied loads sound, crack-free spot 
welds lower the sheet efficiency to about the same extent 
in both the stressed and unstressed attachment spect- 
mens. However, the presence of cracked spot welds in 
the stressed attachment type of specimen has consider- 
ably more effect in lowering the sheet efficiency than has 
the presence of cracked welds in the unstressed attach- 
ment specimen. It is also shown that in both types of 


specimen the elongation efficiency is affected more than 
the yield strength efficiency by the presence of welds, 
either sound or cracked. 


cy by Means of 


grid which is ruled in two directions because, when a 
two-directional print is required, the specimen can be 
exposed twice, the master grid being rotated 90° between 
exposures. 

In the early stages of the investigation several at- 
tempts were made to obtain a master grid by photo- 
graphically copying a variety of original grids. These 
included diamond-ruled half-tone glass screens, graph 
paper and a large sheet of paper ruled with fine lines 
(India ink). In general all of these photographic re- 
productions were unsatisfactory due to either excessive 
width of the lines or lack of sharpness of their edges 
when examined at a magnification of 100 X. Fine- 
mesh screens with wires spaced about 100 per inch were 
also tried as master grids and discarded due to inaccurate 
spacing of the wires and other reasons. The master grid 
which was finally adopted was a replica of a diffraction 
grating. This grating consists of lines about 0.001 in. 
in width spaced 0.01 in. apart. When prints of this 
master grid were measured, the accuracy of the line 
spacing was found to be about 0.3% in a gage length of 
0.01 in. This is an over-all value which includes the pre- ° 
cision of the measuring equipment as well as the in- 
accuracies in spacing of individual lines. A photo- 
micrograph of a print from this master grid on the sur- 
face of an Alclad 24S-T specimen is shown in Fig. 1. 

The most satisfactory type of master grid is one which 
is ruled on silvered glass. It is difficult to obtain such a 
grating with lines as narrow as suggested because of the 
fact that ruling points, which are sufficiently narrow, 
wear down very quickly. Furthermore, such gratings 
are not ordinarily produced because the usual demand is 
for a much larger width of opening for diffraction experi- 
ments where it is desired to transmit a large amount of 
light. Commercial samples of grids ruled on silvered 
glass have been recently received and have been found 
to approach the requirements stated above.* It is ex- 
pected that future work at this laboratory will be done 
with a master grid of this type. 


Instructions for Application of Grids to Specimens 


The first step in applying a grid to a metallic surface:; 
the preparation of the emulsion. Next, the surface of 
the metal must be cleaned and slightly roughened so that 


* Central Scientific Co., Chicago, Il. 
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Fig. 1—Photomicrograph of Grid Printed on Surface of Alclad 24S-T 


Specimen 


Distance between lines = 0.01 in. Approximate magnification = 100 X. 


the emulsion will adhere firmly to it. A special technique 
is then required to obtain a uniform and thin coating of 
emulsion on the surface. The specimen is mounted be- 
hind and in contact with the master grid during exposure 
to a strong beam of light. Following the exposure the 
specimen is immersed for.a brief time in a developing 
dye, washed in water and dried. The specimen is then 
ready for testing. Detailed instructions for the above 
procedure will be found in Appendix A of this réport. 
In the early stages of the work it was very difficult to 
consistently obtain satisfactory grids on the specimens 
under investigation. In the course of continued experi- 
ence with the process ‘t became apparent that much of 
the trouble was due to certain details in the technique 
employed. This was something which could only be 
learned by experience and notes are presented in Ap- 
pendix B of this report for the benefit of future investi- 
gators. 


Method of Measuring Grids 


The grids are measured by means of a filar micrometer 
eyepiece on a Bausch & Lomb microscope equipped with 
a mechanical stage. In this type of eyepiece a micrometer 
screw acts on a slide which carries the movable hair. The 
distances between the grid lines are measured by suc- 
cessively setting the hair on the center of each line and 
reading the micrometer. After the distances have all 
been measured between the lines in the field of view, the 
specimen is moved by mieans of the mechanical stage so 
as to bring more lines into view. 


Types of Specimen Investigated: 


In this part of the investigation four basic types of 
tensile specimen were studied as shown in Fig. 2. Due 
to the exploratory nature of the work the specimens were 
simple in shape. More elaborate specimens will be 
studied when the final test procedure is decided upon. 
Type S is the standard single-spot lap-weld specimen 
which was included to evaluate the spot welds in terms 
of strength. Type UW is the control specimen which 
was tested to obtain data on the elongation and ultimate 
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strength of the unwelded sheet. The unwelded specimens 
were used as a basis for evaluating the welded specimens 
in terms of efficiency. Type SA represents the case 
where a tensile load is carried jointly by a panel and a 
stiffener. This type of specimen is referred to as the 
“stressed attachment,”’ or SA, specimen. Type USA rep- 
resents the case where an unstressed attachment is spot 
welded to a stressed panel. This type of specimen is 
referred to as the ‘‘unstressed attachment,’ or USA, 
specimen. A specimen width of 0.70-in. was selected be- 
cause of an ample supply of standard 0.040- x */,- x 4-in. 
specimens whose width permitted them to be machined 
down to a uniform width of 0.70 in. It must be recog- 
nized that the efficiencies obtained in this investigation 
are affected by the arbitrary selection of width of speci- 
men. The width of a single-spot specimen should 
logically be equal to a reasonable spot spacing for a row 
of spot welds. The 0.70-in. width approximately ful- 
fills this condition. The ends of all the stressed attach- 
ment or double specimens were spot welded together to 
prevent slippage between the two parts in the grips of the 
testing machine. In preparing specimens of this type 
care must be taken to insure that the two pieces are per- 
fectly flat after welding the ends. If there is any bulge 


,in one piece with respect to the other, there will be a 


nonuniform distribution of stress between the two pieces. 
The UW and SA types of specimen shown in Fig. 3 are 
similar to the corresponding types in Fig. 2 except for 
the fact that their width is sufficient to accommodate two 
spot welds laterally spaced. Plans of the elongation 
surveys on all types of specimen are also shown in Fig. 


General Procedure of Testing 


Several series of specimens were welded to determine 


S — STANDARD SINGLE-SPOT LAP WELD SPECIMEN 


UW ~ UNWELDED SPECIMEN FOR COMPARISON 


+ 
SA — STRESSED-ATTACHMENT SPECIMEN 
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USA = UNSTRESSED-ATTACHMENT SPECIMEN . 
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Fig. 2—Investigation of Sheet Efficiency Types of Specimens 
Studied 
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Table la—Series I: Data on Elongation, Strength and Efficiency 


_ Condition 
Specimen — of 
Type No. Weld 
UW 4 No weld 
5 No weld 
SA 14 Sound 
15 Sound 
SA 6 Fine cracks 
7 Fine cracks 
SA 8 Coarse cracks 
9 Coarse cracks 


* Average elongation measured in sheet about '/, in. from center of weld. 
t Ultimate strength of unwelded sheet = 66,000 psi. for Alclad 24S-T ; 72,000 psi. for bare 24S-T. 


24S-T 
Material 


Alclad 
Bare 
Bare 
Bare 
Alclad 
Alclad 
Alclad 
Alclad 


Location 
of 
Failure 


H. a. zone 
H. a. zone 
Through weld 
Through weld 
Through weld 
Through weld 


sented later in the report. 
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ELONGATION SURVEYS ON SINGLE-SPOT SPECIMEN 


the effects of different welding conditions and weld 
characteristics on the efficiency of the sheet. Details of 
the welding conditions employed for each series are pre- 


Several different series of specimens were prepared in 


Av. Elongation,* 
-& in 0.01 In.- — 


—Ultimate Strength 


For At Load, Efficiency,t 
Sheet Fracture Psi. % 
13.5 21.0 64,800 
16.0 28.0 70,100 
11.0 18.5 66,800 92.8 
10.0 16.0 65,100 90.4 
0.5 9.2 52,700 79.8 
0.5 12.0 47,500 71.9 
0 4.5 39,800 60.3 
0 3.0 38,900 59 0 


Following welding the speci- 


mens were subjected to the following testing procedure : 


All specimens were radiographed to determine the 
degree of cracking present in the welds. 

A grid of fine lines was printed over the weld sur- 
face on one side of the specimen. 

The specimens were tested to destruction in a 
tensile testing machine and the ultimate load 
recorded. 

Several series of elongation surveys were taken on 
each specimen. This was done by measuring 
the distance between lines on the specimen after 
failure. The percentage elongation in each 0.01- 
in. gage length was computed. Each elongation 
survey was started within about 0.01 in. of the 
fracture and continued until about 30 readings 
had been taken. 

The specimens were then sectioned and mounted 
so that the position and size of the weld with 
respect to the elongation survey could be deter- 
mined. 

The per cent elongation was then plotted as a func- 
tion of distance along the specimen. The posi- 
tion and size of the weld were indicated on these 
graphs by means of broken vertical lines. These 
lines indicate where the edge of the weld was 
found. When fracture occurred across one side 
of the weld only one broken line was drawn, the 
other side of the weld coinciding with the frac- 
ture. 

Graphs obtained for the various specimens were ~ 
then compared in an attempt to correlate these 
data with the radiographs, the welding condi- 
tions and the ultimate strength of the sheet. 


Discussion of Results 


Table 1b—Series I: Welding Conditions 


— Specimen Electrode 
Type No. Tips 
UW 4 
5 
SA 14 4-in. R dome 
15 4-in. R dome 
SA 6 4-in. R dome 
: 7 4-in. R dome 
SA 8 4-in. R dome 
9 4-in. R dome 


Electrode ——Peak Sec. Current 
Pressure, Max. Time to Peak, 
Lb. Amp. Millisec. Surface Treatment 
Weld 800, forge 1800 42,900 6.72 No. 5 solution, 8 min., 180° F 
Weld 800, forge 1800 42,900 6.72 No. 5 solution, 8 min., 180° F. 
1400 47,000 18.7 No. 10 solution, 6 min., room temp. 
1400 47,000 18.7 No. 10 solution, 6 min., room temp. 
1200 49,000 18.7 No. 10 solution, 6 min., room temp 
1200 49,000 18.7 No. 10 solution, 6 min., room temp 
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SPECIMEN 
ALCLAD 245-T 
STRENGTH 64,800 $.1. 
20) 
A 
: Lal 
4 3 2 ° 2 3 5 
DISTANCE FROM FRACTURE 
Fig. 4 
SPECIMEN UW-S 
GARE 245-7 
STRENGTH - 70,100 PSL 
w 
i 4 3 2 ' ° 1 2 3 4 5 
DISTANCE FROM FRACTURE ~ 


Fig. 5 


this part of the investigation and the results obtained 
from each series are discussed separately. It should be 
noted that throughout this part of the report the speci- 
men numbers coincide with the figure numbers. In inter- 
preting the results of this phase of the investigation it 
must be remembered that the work was exploratory in 
nature and limited in scope. 


Series I: Specimen and Fig. Nos. 4-9, 14-15 


The first specimens were prepared to determine the 
effect on sheet efficiency of welds exhibiting different 
degrees of cracking. The results are tabulated in Table 
la and the welding conditions are recorded in Table 1b. 
Unwelded specimens UW-4 and 5 were tested to deter- 
mine the ultimate strength and distribution of elongation 
in the Alclad and bare 24S-T materials. The elongation 
surveys of these specimens are shown in Figs. 4 and 5 
and are to be compared with those which follow for speci- 
mens bearing spot welds exhibiting different degrees of 
soundness and cracking. Plans of the elongation surveys 
on all specimens are shown in Fig. 3. All of the welded 
specimens included in this group were of the stressed at- 
tachment, SA, type. 

While the bare 24S-T specimens SA-14 and 15 were 
not originally welded with this group, they are included 
in Table la for purposes of comparison because their 
elongation surveys are more representative of perfectly 
sound welds than were obtained in the initial series of 
specimens. It should be noted that in these crack-free 
specimens, considerable elongation took place both at 
the fracture and in the sheet some distance away from the 
welds. This is evident in both Table la and in the 
elongation surveys in Figs. 14 and 15. In these surveys 


the location of the fused zone is indicated by broken 
vertical lines. In the above figures only one such line 
appears because the other coincides with the heavy 
vertical line which locates the fracture. In other words, 
the fracture occurred through the heat-affected zone and 
tangent to the zone of fusion. The sheet efficiency of 
these specimens with respect to ultimate strength was of 
the order of 91.5%. For calculating sheet efficiencies the 
ultimate strengths of the unwelded Alclad and bare 
24S-T materials were taken as 66,000 and 72,000 psi., 
respectively. These figures were found to be approxi- 
mately correct by later tests of unwelded specimens. 

Welds in the Alclad 24S-T specimens, SA-6 and 7, con- 
tained fine internal cracks. Elongation surveys of these 
specimens are shown in Figs. 6 and 7. It should be 
noted that in these specimens considerably less elonga- 
tion took place at the fracture and particularly in the 
sheet some distance away. In the case of these specimens 
the sheet efficiency with respect to ultimate strength 
was about 76%. In the present specimens the fracture 
occurred right through the weld as though it propagated 
from the internal cracks. 

Welds in the Alclad 24S-T specimens, SA-8 and 9, 
contained coarse cracks. Elongation surveys of these 
specimens are shown in Figs. 8 and 9. In these speci- 
mens there was still less elongation taking place at the 
fracture and in the sheet. In each survey the area be- 
neath the curve is a measure Of the total elongation along 
that particular traverse of the specimen. In all cases 
there is a big difference between the total elongation 
along the traverse passing through the center of the 
weld and the traverse in the sheet at one side of the weld 
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RADIOGRAPH - COARSE CRACKS. 


SHALLOW WAVE-CONST. PRESS. 


STRENGTH 39,600 P.S.1. 


This indicates that fracture occurred in the weld 
considerably before the specimen failed completely. In 
other words, the crack in the weld must have opened up 
at quite a low stress, thus concentrating the stress at the 
ends of the crack in the sheet outside the weld zone. 


zone. 


Z As the load was increased the crack spread progressively 
r across the sheet until complete failure of the specimen 
Z : occurred. This explains why specimens bearing cracked 
a t welds tend to fail through the weld. Specimens bearing 
zy Y crack-free welds tend to fail through the heat-affected 
3 r zone at the edge of the weld. In specimens SA-8 and 9 
7y no permanent elongation took place outside of the weld 
weed @ T area along the axis of the specimen, which means that 
ob TT ZN Std | the specimen was not strong enough to stress that portion 
WIR SAG of the sheet above its yield strength. The sheet efficiency 
DISTANCE FROM FRACTURE ~ $f of these specimens with respect to ultimate strength was 
of the order of 60%. 
Fig. 8 In a previous investigation G. A. Brewer and R. B. 
Glassco reported local elongations at the fracture of 44 
to 62% in a gage length of 0.01 in. for unwelded Alclad 
24S-T sheet.' The discrepancy between these values 
J and the 20% value found in the present investigation may 
ie ote possibly be due to a difference in physical properties of 
neonneteanenee, @heane the materials, or to the difference in ratio of specimen 
q.ee wna-comt eats width to thickness. This ratio appears to affect the type 
STRENGTH - 38,900 PSI. of failure and to have been 7.8 in the Brewer-Glassco in- 
pi vestigation, whereas it was 17.5 in the present investi- 
gation. 
3 Series II: Specimen and Fig. Nos. 10-23 
3 at This series of specimens was planned for the purpose 
Wa of obtaining the following information: 
T 
44 \ » | 1. The difference in behavior between Alclad 24S-T 
and bare 24S-T in this type of test. 
va 2. The difference in behavior between the unstressed 
attachment, USA, specimens and the stressed 
3 2 2 3 5 tt h t SA 
DISTANCE FROW FRACTURE ~ attachment, SA, specimens. 
3. The effect of solution heat treatment on the sheet 
Fig. 9 efficiency of these types of specimens. 
Table 2a—Series II: Data on Elongation, Strength and Efficiency 
; Arranged in Convenient Groups for Comparison 
Av. Elongation,* Ultimate 
Condition Location — in 0.01 In.—— Strength———. 
—Specimen- ~ 24S-T Heat of of For At Load, Efficiency,t 
Group Type No. Material Treatment Weld Fracture Sheet Fracture Psi. % 
1 USA 10 Alclad No Sound H. a. zone 4.0 9.0 57,700 87.5 
USA 11 Alclad No Sound H. a. zone 4.5 13.5 58,400 88.5 
USA 12 Bare No Sound H. a. zone 4.0 12.5 58,200 80.8 
USA 13 Bare No Sound H. a. zone 4.25 13.0 56,100 78.0 
2a USA 12 Bare No Sound H. a. zone 4.0 12.5 58,200 80.8 
USA 13 Bare No Sound H.a. zone 4.25 13.0 56,100 78.0 
SA 14 Bare No Sound H.a. zone 11.0 18.5 66,800 92.8 
SA 15 Bare No Sound H. a. zone 10.0 16.0 65,100 90.4 
2b USA 16 Bare Yes Sound H.a. zone 9.5 11.25 61,900 86.0 
USA 17 Bare Yes Sound H. a. zone 8.25 14.5 58,200 80.8 
SA 18 Bare Yes Sound H. a. zone 10.5 11.5 62,700 87.1 
SA 19 Bare Yes Sound H.a. zone 12.7 16.0 63,100 87.8 
3a USA 12 Bare No Sound H.a. zone 4.0 12.5 58,200 80.8 
USA 13 Bare No Sound H. a. zone 4.25 13.0 56,100 78.0 
USA 16 Bare Yes Sound H. a. zone 9.5 11.25 61,900 86.0 
USA 17 Bare — Yes Sound H. a. zone 8.25 14.5 58,200 80.8 
3b SA 20 Alclad No Fine cracks Through weld 1.0 9.5 48,800 74.0 
SA 21 Alclad No Sound Through weld 1.25 10.0 51,250 ae.8 
SA 22 Alclad Yes Fine cracks Through weld 4.0 6.0 42,800 64.9 
é SA 23 Alclad Yes Fine cracks Through weld 4.25 6.0 44,100 66.8 
3e SA 14 Bare No Sound H. a. zone 11.0 18.5 66,800 92.8 
SA 15 Bare No Sound H.a. zone 10.0 16.0 65, 100 90.4 
SA 18 Bare Yes Sound H. a. zone 10.5 11.5 62,700 87.1 
SA 19 Bare Yes Sound H. a. zone 12.7 16.0 63,100 87.8 


bs Average elongation measured in sheet about */, in. from center of weld. 
1 Ultimate strength of unwelded sheet = 66,000 psi. for Alclad 24S-T and 72,000 psi. for bare 24S-T. 
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Table 2b—Series II: Welding Conditions 


Electrode 
-— Specimen — Electrode Pressure, 
Type No. Tips Lb. 

USA 10 4-in. R dome Weld 800, forge 1800 
USA 11 4-in. R dome Weld 800, forge 1800 
USA 12 4-in. R dome Weld 800, forge 1800 
USA 13 4-in. R dome Weld 800, forge 1800 
SA 14 4-in. R dome Weld 800, forge 1800 
SA 15 4-in. R dome Weld 800, forge 1800 
USA 16 4-in. R dome Weld 800, forge 1800 
USA 17 4-in. R dome Weld 800, forge 1800 
SA 18 4-in. R dome Weld 800, forge 1800 
SA 19 4-in. R dome Weld 800, forge 1800 
SA 20 4-in. R dome Weld 800, forge 1800 
SA 21 4-in. R dome Weld 800, forge 1800 
SA 22 4-in. R dome Weld 800, forge 1800 
y SA 23 4-in. R dome Weld 800, forge 1800 


-———Peak Sec. Current 


Max. Time to Peak, 

Amp. Millisec. Surface Treatment 

54,700 6.34 No. 10 solution, 8 min., room temp. 
54,700 6.34 No. 10 solution, 8 min., room temp. 
42,900 6.7: No. 5 solution, 8 min., 180° F. 
42,900 6.72 No. 5 solution, 8 min., 180° FP. 
42,900 6.72 No. 5 solution, 8 min., 180° fF. 
42,900 6.7 No. 5 solution, 8 min., 180° F. 
42,900 6.72 No. 5 solution, 8 min., 180° F. 
42,900 6.72 No. 5 solution, 8 min., 180° F. 
42,900 6.7 No. 5 solution, 8 min., 180° F. 
42,900 6.7 No. 5 solution, 8 min., 180° F. 
54,700 6.34 No. 10 solution, 8 min., room temp. 
54,700 6.34 No. 10 solution, 8 min., room temp. 
54,700 6.34 No. 10 solution, 8 min., room temp. 
54,700 6.34 No. 10 solution, 8 min., room temp. 


Note: The heat treatment of some of the specimens consisted of a solution heat treatment for 20 min. at 920° F., followed by a cold 
water quench. These specimens were aged at room temperature for at least 4 days. 


The results have been arranged in convenient groups for 
purposes of comparison and are presented in Table 2a. 
The welding conditions are recorded in Table 2b. 
Comparison of Alclad and Bare 24S-T Specimens 10- 
13.—The Alclad and bare 24S-T materials can be com- 
pared with respect to behavior by examining the data in 
Table 2a, Group 1. The object of this comparison was 
to see if there was any evidence of plastic flow of the 
cladding metal with respect to the alloy base metal 
when Alclad specimens are tested in this manner. The 
specimens in this group were selected for this purpose 
because it was believed that they represented the most 
comparable conditions in this series. It should be noted 
that the elongations in the sheet and at the fracture are 
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practically identical for the two materials. There was, 
however, about an 8% difference in ultimate strength 
efficiency which is probably not of great significance. 
Within the limitations of this experiment there is no 
evidence that the presence of the cladding on the 24S-T 
base metal is introducing any error as suggested above. 
The relative sizes of the welds in this group may be 
judged by average shear strengths which were 620 Ib. in 
the Alclad material and 565 Ib. in the bare material 
(Table 3). 

Comparison of USA and SA Type Specimens 12-19. 
The USA and SA types of specimen can be compared 
by examining the data in Groups 2a and 2b of Table 2a. 
It will be noted that all of the specimens in Group 2a were 
made of bare 24S-T and that all of the welds were crack 
free. In the SA specimens considerably more elongation 
occurred in the sheet and at the fracture than in the USA 
specimens. Furthermore, the ultimate strength efficiency 
of the SA specimens was of the order of 91% as compared 
with 79% for the USA specimens. The differences with 
respect to elongation are readily apparent in the elonga- 
tion surveys shown in Figs. 12-15. 

All of the specimens in Group 2b were similar to those 
in Group 2a except for the fact that they had been given 
a solution heat treatment after welding and had been 
aged for 4 days or more before testing. Only slightly 
more elongation in the sheet took place in the SA than in 
the USA specimens. At the fracture the elongation was 
practically the same for both types. The ultimate 
strength efficiency of the SA specimens was of the order 
of 87.5% as compared with 83% for the USA specimens. 
Elongation surveys of these specimens are shown in Figs. 
16-1§. It should be noted that the welds in all the speci- 
mens which have been compared with respect to type, 


Table 3— Series II: Data on Strength of Standard Single- 
Spot Lap-Weld Specimens 


Weld 

Specimen 0.040-In. Heat Strength, 
Type No. Material Treatment Lb. 

SS) 32 Alclad 24S-T No 630 
Ss 33 Alclad 24S-T . No 610 
Ss 34 Alclad 24S-T Yes 725 
$s 35 Alclad 24S-T Yes 700 
Ss 36 Bare 24S-T No 590 
S$ 37 Bare 24S-T No » 540 
Ss 38 Bare 24S-T Yes 660 
Ss 39 Bare 24S-T Yes 650 


Note: Average increase in strength due to solution heat treat- 
ment was 15%. 
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Table 4a—Series III: Data on Elongation, Strength and Efficiency 


_——Specimen 
Type No. Weld 
Double 
Width 
UW 24 None 
SA 25 A 
B 
SA 26 A 
B 
SA 27 A 
B 


Condition 


of 
Weld 


Sound 
Sound 
Cracked 


Sound 
Cracked 


Cracked 


Location —¥% in 0.01 In.—— ——Ultimate Strength ~ 
of For At Load, Efficiency,t 
Fracture Sheet Fracture Psi. q 
pet 14.0 22.0 66,000 100 
Through weld 7.5 27.5 
64,000 95.9 
H. a. zone 7.5 mm 
Through weld 1.25 2.5 
51,500 78.2 
Through weld 3 12.0 
Through weld 1.25 6.5 
49,000 73.3 
Through weld 1.25 2.5 


Av. Elongation,* 


* Average elongation measured in shect about '/, in. from center of weld: 


t Ultimate strength of unwelded, Alclad 24S-T sheet = 66,000 psi. 


were free from cracks. When cracks are present in the 
welds, the two types of specimen behave very dif- 
ferently as will.be shown in Part II of this report. 

It may be noted in Figs. 12 and 13, that in these 
crack-free, unstressed attachment specimens there is an 
indication of low elongation across the center of the weld. 
The zone of low elongation is wider, and hence more pro- 
nounced, across the center of the welds of Figs. 16 and 
17, which have been given a solution heat treatment but 
are otherwise similar to the welds of Figs. 12 and 13. 
The low elongation across these welds may be interpreted 
by some as low ductility of the weld metal. However, 
the effect is merely the result of lower unit stress in this 
region due to the reinforcing effect of that portion of the 
weld in the unstressed attachment. This explanation of 
the low elongation is verified by the fact that no similar 
condition is found in the case of the corresponding 
stressed attachment specimens, Figs. 14, 15, 18 and 19. 


In the latter specimens, with both sheets stressed to the 
same extent, there is no opportunity for either sheet to 
reinforce the other. In this case the weld area, being free 
from cracks, shows itself capable of considerable elonga- 
tion. The factor limiting the strength and elongation in 
this case is the reduction of yield strength of the zone 
adjacent to the weld. This is evident from the fact that 
failure always occurs at the edge of the weld in the case 
of SA specimens containing sound welds. It should be 
noted that Specimens SA-14, 15, 18, 19 and USA-16 and 
17 are very excellent welds from the viewpoint of elonga- 
tion in the sheet. In this respect they were superior to 
all other specimens studied in this part of the investiga- 
tion. 

The differential strain introduced by the stress gra- 
dient resulting from the reinforcement in the USA speci- 
mens is probably responsible for the lower elongation of 
sound USA specimens by comparison with SA speci- 
mens. This is indicated by comparing Specimens |2 and 
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Table 4b—Series III: Welding Conditions 
Electrode ——Peak Sec. Current——— 
——Specimen— Electrode Pressure, Max. Time to Peak, 
Type No. Tips Lb. Amp. Millisec. Surface Treatment 
Double 
Width 
SA 25 4-in. R dome Weld 800, forge 1800 49,000 6.3 No. 14 solution, 8 min., room temp 
SA 26 4-in. R dome Weld 800, forge 1800 49,000 6.3 No. 14 solution, 8 min., room temp. 
SA 27 4-in. R dome Weld 800, forge 1800 49,000 6.3 No. 14 solution, 8 min., room temp. 
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13 with Specimens 14 and 15in Table 2a. That this effect 
is emphasized by residual stresses is evident from a com- 
parison of Specimens 16 and 17 with Specimens 18 and 
19. These four specimens have been entirely relieved 
of residual stresses by solution heat treatment, and very 
much less difference in elongation between the two types 
of specimens is observed. 

Effects of Heat Treatment, Specimens 12—23.—Three 
groups of specimens have been selected from this series 
to show some effects of solution heat treatment on elonga- 
tion, ultimate strength and sheet efficiency. The heat 
treatment of some of the specimens consisted of a solu- 
tion heat treatment for 20 min. at 920° F., followed by a 
cold water quench. These specimens were aged at room 
temperature for at least 4 days before testing. Groups 
3a consisted of unstressed specimens of bare 245-T mate- 
rial. While the heat treatment had very little effect on 
the efficiency and elongation at the fracture, it increased 
the elongation in the sheet by a factor of about 2. Group 
3b consisted of stressed attachment specimens of Alclad 
24S-T material. The welds in these specimens contained 
fine internal cracks. While the heat treatment resulted 
in a reduction in the efficiency and elongation at the 
fracture, it increased the elongation in the sheet by a 
factor of approximately 4. Group 3c consisted of 
stressed attachment specimens of bare 24S-T. In this 
group the heat treatment had little effect. While these 
data are too limited to justify any general conclusions, 
they do show that under some conditions heat treatment 
may have an appreciable effect on the performance of 


Series III: Specimen and Fig. Nos. 24-27 


In this series all of the specimens were of the stressed 
attachment type. They differed from the previous §\ 
specimens in that their width was sufficient to accom. 
modate two welds as shown in Fig. 3. These specimens 
were originally intended to show some effects related to 
specimen width. Actually, however, these specimens 
provided a very interesting example of how local elonga. 
tions are affected in a two-spot specimen when one weld 
is crack free and the other is cracked. The plan of the 
elongation surveys is also shown in Fig. 3. Figure 24 
shows the elongation surveys of an unwelded specimen 
in which the average elongation '/, in. from the fracture 
was about 14%. Specimen SA-25 contained two crack- 
free welds and the elongation surveys are shown in Fig. 
25. It will be noted that along traverses A and B the 
elongation in the sheet was only about 7.5%. However, 
the sheet efficiency on the basis of ultimate strength was 
95% which was rather remarkable. More elongation was 
found in the sheet along the traverse between the two 
welds. Specimen SA-26 contained one crack-free weld 
and one cracked weld and the elongation surveys are 
shown in Fig. 26. Very little elongation took place 
along the traverse across weld A which was cracked. 
Apparently the cracks in this weld opened up at a low 
load, thus concentrating the stress in the remaining cross- 
section area. The other two surveys show an elongation 
of 12% or more at the fracture and about 3% out in the 
unaffected sheet. The efficiency of this specimen was 
only about 78%. Specimen SA-27 contained two cracked 
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specimens such as these. It should be noted in Table 3 ‘ 6 
that the effect of the heat treatment on shear specimens DISTANCE 

was to raise the average weld strength by 15%. Fig. 17 
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Table 5a—Series IV: Data on Elongation, Strength and Efficiency 


Av. Elongation,* 
Condition Location ——Y® in 0.01 In.—— —Ultimate Strength-— 

_ Specimen — of of For At Load, Efficiency,t 

5 Type No. Weld Material Fracture Sheet Bracture Psi. % 

? USA 28 Sound Alclad 24S-T H.a. zone 4.0 11.25 61,200 92.7 

5 USA 29 Fine cracks Alclad 24S-T Through weld 4.0 12.0 60,000 90.7 

: USA 30 Fine cracks Alclad 24S8-T Through weld 4.0 3.0 61,800 93 .6 

| USA 31 Fine cracks Alclad 24S-T Through weld 3.5 1.75 59,500 90.2 

: * Average elongation measured in sheet about '/, in. from center of weld. 

t Ultimate strength of unwelded, Alclad 24S-T, sheet = 66,000 psi. 


ee Series IV: Specimen and Fig. Nos. 28-31 
: RADIOGRAPH SOUND This series of specimens was intended to show the 
ow A wie Si camara effects of varying the time of application of forging pres- 
sure on the tendency of the weld to crack and therefore 
1 20 : on local elongation and sheet efficiency. Unfortunately 
e 7 trouble was experienced with the welding equipment 
3 7k while these specimens were being welded and that ob- 
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welds and the elongation surveys are shown in Fig. 27. t TAT 

Very little elongation was found along the survey be- va \ ims 

tween the two welds. The efficiency of this specimen 
was only about 73%. The results obtained from this 8 8 


series*of specimens are tabulated in Table 4a, and the 
welding conditions are recorded in Table 4b. 


Table 5b—Series IV: Welding Conditions 


~Electrode Pressure———-——— 
Forging Pressure-————— 


Weld Time from Peak -—~—Peak Sec. Current — 
—Specimen— Electrode Pressure, Max. Current in Millisec. Max. Time to Peak, 
Type No. Tips Lb. Lb. Start Max. Amp. Millisec. 
USA 28 2'/-in. R dome 600 1800 23.2 38.3 27,000 18.7 
USA 29 2'/,-in. R dome 600 1800 23.2 38.3 27,000 18.7 
USA 30 2'/.-in. R dome 600 1800 56.7 74.1 27,000 18.7 
USA 31 2'/.-in. R dome 600 1800 56.7 74.1 27,000 18.7 
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jective was not satisfactorily attained. The results from 
a few of these specimens are recorded in Table 5a. These 
results are discussed in this report because they differ in 
several’ respects from those obtained from any of the 
above specimens. All of the specimens in this series were 
of the unstressed attachment type. Im welding specimen 
USA-28 the forging pressure was applied about 34 milli- 
seconds or 2 cycles after the peak current passed and 
the weld was free from cracks as was expected. The 
elongation surveys are shown in Fig. 28. While the 
elongation at the fracture was about 11%, it was only 
4% out in the unaffected sheet. The latter elongation 
was surprisingly low in view of the fact that the sheet 
efficiency was better than 92%. While specimen USA- 
29 was made under identical conditions, fine cracks were 
found in the weld. Its elongation surveys are shown in 
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SPECIMEN UW-24 
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Fig. 29. It will be noted that the results obtained fro, 
this cracked specimen were practically identical to those 
obtained from the above specimen which was free from 
cracks as determined radiographically. This suggests 
the possibility that under some conditions crack-free 


' welds may behave the same as cracked welds. It may be 


possible that residual stresses are sometimes locked jn 
sound welds so that they act the same as welds con. 
taining internal cracks. In welding Specimens USA-39 
and 31 the forging pressure was not applied until about 
68 milliseconds or 4 cycles after the peak current had 
passed. The welds in both specimens contained fine 
mternal cracks as was expected due to the later applica- 
tion of the forging pressure. The elongation surveys are 


8) SOUND 
STEEP WAVE — FORGED 


STRENGTH — 64,000 PSI 


mn 


Ww? 


ua 


SPECIMEN SA-25 | 
RadIOGRAPH — SOUND 


4 


LOCAL ELONGATION - % 
= 


| | 
rit 
Gail 
| 
i 


° 
5 4 3 2 1 ° ‘ 2 3 4 5 
DISTANCE FROM FRACTURE 
Fig. 25 
SPECIMEN SA-26 
(A)- CRACKED 
DIOGRAPH~ SOUND 
STEEP WAVE — FORGED 
STRENGTH ~ 51,500 PS. 
20 
: 
5 ; 
; 
3 
a4 
oO i 
8 10 
A 
DISTANCE FROM FRacTURE- 
Fig. 26 


SPECIMEN SA-27 


_(A)- CRACKED 
(8)- CRACKED 


STEEP WAVE FORGED 
STRENGTH 49,000 PSI. 


LOCAL ELONGATION- % 
|_| 


A 


i 


DISTANCE FROM FRracTuRE— DISTANCE FROM FRACTURE - 
Fig. 24 Fig. 27 
298-s WELDING RESEARCH SUPPLEMENT MAY 


i 

4 
J 


elo 
acl 
sid 
un 
as 


sp 


4 = 

agen 
hae 

hear 

hore’, 

MW 

th 

I 

n 

| 

° 

S] 

7 
a 

1 


SPECIMEN USA-26 
SOUND 
FORGED AFIER — 
STRENGTH 61,200 PSL 


LOCAL ELONGATION ~ % 


— 


DISTANCE FROM FRACTURE ~ 


Fig. 28 


SPECIMEN USA-29 


RADIOGRAPH - FINE CRACKS 
FORGED AFTER 2 
STRENGTH - 60,000 PSI. 


LOCAL ELONGATION- % 


7 


2 
DISTANCE FROM FRACTURE 


Fig. 29 


shown in Figs. 30 and 31. In both cases very little 
elongation took place at the fracture along the surveys 
across the welds. At the fracture in the sheet at one 
side of the weld the elongation was about 12%. In the 
unaffected sheet the elongation was about 4% or the same 
as in Specimens USA-28 and 29. The efficiency of these 
specimens was also greater than 90%. The low elonga- 
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tion across the weld and the high ultimate strength 
efficiency are due to the reinforcing effect of the attach- 
ment piece at the cross section where the cracks occur. 
This has been discussed earlier in the report. The size 
of the welds in these specimens may be judged from the 
fact that the average strength of standard single-spot 
lap-weld specimens was approximately 500 Ib. 


Part II—The Evaluation of Sheet Efficiency by Means of 
the Stress-Strain Record 


The most recent studies of the effect of spot welds on 
the physical properties of Alclad 24S-T sheet have been 
made by means of stress-strain recording equipment. A 
spot weld is made in one of two types of specimen, which 
are described later, and a continuous stress-strain record 
is made as the specimen is tested to failure in tension. 
This method shows the effect of the spot weld on the 
yield strength, the ultimate strength, and the total elon- 
gation in a 2-in. gage length which includes the weld 
zone. By comparing such data obtained from welded 
and unwelded specimens the results from the welded 
specimens can be evaluated in terms of the following 
efficiencies : 

(a) Yield strength efficiency. 

(b) Ultimate strength efficiency. 

(c) Elongation efficiency. 


The studies described in Part I of this report were 
made by photographically reproducing a grid of fine lines 
spaced 100 to the inch on the surface of the specimen 
in the vicinity of the weld. Local elongations were deter- 
mined by measuring the distances between adjacent lines 
after the specimen had been tested. Near the fracture 
the local elongations were high and of the order of 10 to 
15%. At about '/, in. from the fracture the elongation 
values leveled off at a value which was typical of the 
specimen and of considerable importance, since this 
value was used to evaluate the specimen on the basis of 
elongation. While the elongation and ultimate strength 
were obtained by this method, there was no measure of 
yield strength. Since most designing is done on the basis 
of yield strength, a very important gap was left by this 
method. 
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Table 6—Comparison of Elongation Measurements Made by the Stress-Strain Record and Photogrid Methods 


Av. Elongation 
Condition Shear Stress-Strain Photogrid 

-——-Specimen———. of Strength, Record, Measurement,* 
Type No. ; Weld Lb. % in 2 In % in 0.01 In. 
USA 42 Crack-free 500 approx. 5.0 §.5 
USA +t Crack-free 500 approx. 4.6 4.0 
USA 45 Cracked 500 approx. 3.7 3.4 
USA 46 Cracked 500 approx. 3.9 3.2 
UW 48 No weld oe 18.0 17.8 


* Average elongation in sheet about '/, in. from weld. 


To compare the two methods of evaluating sheet 
efficiency on the basis of elongation, photogrids were 
applied to a number of specimens tested by means of the 


stress-strain recorder. The results are shown in Table 
6. These data show that the average of the local 
elongations obtained by measuring the grids about 
1/, in. from the weld agree approximately with the value 
obtained with the stress-strain recorder over a 2-in. gage 
length which includes the weld zone. In the case of the 
USA specimen a question had been raised as to whether 
the grid should be applied on the faying surface or on the 
outside surface of the specimen. Grids were therefore ap- 
plied to both surfaces of a few specimens of thistype. The 
specimens were then subject to a chemical surface treat- 
ment (Solution No. 14) in preparation for welding.* The 
grids were still visible after the surface treatment and the 
specimens welded satisfactorily. Measurements of local 
elongation showed that for these particular specimens the 
elongation was about the same on both sides of the sheet. 

The studies using the photogrid technique showed that 
in any given specimen the local elongation levels off at a 
constant value a short distance from the weld. This 
value of elongation is a significant indication of the effect 
of the spot weld in permitting or preventing the rise of 
stress in the specimen to that required for plastic elonga- 
tion. It is apparent from the elongation surveys that the 
high elongation in the immediate vicinity of the fracture 
extends over such a small portion of a 2-in. gage length, 
that the results of the two techniques agree closely as 
mentioned above. It is obvious from the above discus- 
sion that the 2-in. gage length for the sheet efficiency 
studies could as well be located outside the weld area 
and parallel to the axis of stress, if sufficient length of 
uniform section is provided in the specimen. This 
method was actually tried on a number of specimens and 
the results agree very closely with those obtained by in- 
cluding the weld area in the 2-in. gage length on speci- 
mens welded under identical conditions. This technique 
should prove useful in studying the effect of multiple- 
spot patterns on sheet efficiency. It should also be pos- 
sible with this technique to obtain yield strength and 
elongation efficiencies in addition to the customary 
ultimate strength efficiency of spot-welded joints. 


Testing Equipment 


The sheet efficiency specimens were tested in a South- 
wark-Emery 60,000-lb. hydraulic testing machine using 
completely self-aligning Templin grips. The Templin 
grips will.accommodate specimens up to 1 in. in width. 
Autographic stress-strain records of each specimen were 
made using an extensometer of the total-elongation type 
in conjunction with a Southwark-Templin Stress-Strain 
Recorder of the Selsyn operated type. The total elonga- 
tion extensometer permits the making of stress-strain 
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records from no load to the breaking point of the speci- 
men. 


Interpretation of Stress-Strain Records 


The automatic stress-strain recorder provides a con- 
tinuous stress-strain curve which is especially advan- 
tageous in using the departure or off-set method for de- 
termining the yield strength of the specimen. In inter- 
preting the stress-strain records of the sheet efficiency 
specimens it is assumed that the yield strength can be 
measured in a manner similar to that used for standard 
unwelded specimens. Therefore, the yield strength is 
defined as the stress at which the specimen exhibits a 
permanent set of 0.2% in a 2-in. gage length. The offset 
method was used in determining this limiting value of 
permanent set. This method consists in laying off on the 
graph a construction line located to the right of the 
modulus line a distance representing the prescribed set. 
The load value where this line intersects the stress- 
strain curve is the ‘“‘yield strength.’”’ The ultimate 
strength is defined as the maximum load applied to the 
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Table 7a—Analysis of Stress-Strain Records, Unstressed Attachment Specimen 
Av. 
Condition Shear ——-Vield Strength-—— -—-Ultimate Strength Elongation— 
_—Specimen— of Strength, ———Load——— Eff., Eff., % in Eff., 
Type No. Weld Lb. Lb. Psi. Lb. Psi 2 In. 
USA 42 Crack-free 500 approx. 1550 54,000 100 1800 62,700 94.8 5.0 27.8 
USA 43 Crack-free 500 approx. 1570 54,600 100 1800 62,700 94.8 5.12 28.4 
USA 44 Crack-free 500 approx. 1530 53,300 100 1720 60,000 90.7 162 25.6 
USA 45 Coarse radial cracks 500 approx. 1520 52,900 99 1660 57,900 87 5 2 eR x”) 4 
USA 46 Coarse radial cracks 500 approx. 1530 3,800 100 1700 9,200 89.5 
USA 47 Coarse radial cracks 500 approx. 1450 50,500 94.6 1620 56,400 85.2 2.4 13.3 
UW 48 1530 53,300 1900 66,200 18.0 

= ~ Nore: The efficiencies in this table are based on the results obtained from Specimen UW-48. 

a specimen before failure, and the total elongation is the of SA specimens are shown in Figs. 34 and 35. Cor- 
elongation of the specimen to the breaking point ex- responding records for unwelded specimens are shown 
pressed as a percentage of the original 2-in. gage length. in Fig. 36. Examination of these records shows that 

the presence of cracks in the welds has a much 

. : greater effect in specimens of this type than in the 

Types of Specimens Investigated USA specimens. The sound, crack-free specimens acted 

i very much the same as the USA specimens. In the 
l- 


The specimens were somewhat more elaborate than cracked specimens, however, practically no elongation 
those described in Part I of this report. Figure 32 shows occurred after the yield strength was reached. An 
“i the SA, stressed attachment, and the USA, unstressed analysis of these records is shown in Table 8a. One ob- 


y attachment, types of specimen. The extensometer was jective in preparing this series of specimens was to deter- 
. connected across a 2-in. gage length as shown in these mine the effect of weld size on sheet efficiency. It will 
d figures. be noted from Table 8a that the average shear strengths 
s covered a range from 370 to 700 lb. and that weld size 
. : had only a minor effect on the sheet efficiency of this type 
t Results—USA Unstressed Attachment Specimen of specimen. .The presence of sound welds reduced the 
tf yield efficiency to about 98°), whereas the corresponding 
. Stress-strain records for a number of USA specimens _ efficiency for cracked welds was about S7°;. The latter 
. and one unwelded specimen are 
shown in Fig. 33. It shotild be 2000 
elongation was not the same for all 
specimens. An analysis of these 1000 
records is presented in Table 7a. 
Examination of these data shows that tr ; | = teed: : 
the yield and ultimate strengths of 0 


the unwelded sheet were consider- 
ably higher than the typical values 
ordinarily listed for Alclad 24S-T 
sheet. The presence of crack-free 
spot welds in the sheet had no effect 
on the yield strength. There was 
only a slight indication that spot 
welds containing coarse cracks may 
affect the yield strength and therefore 
the yield efficiency of specimens of 
this type. This is probably due to 
the fact that the attachment piece 
acts to reinforce the specimen in the 
region where the cracks occur. The 
efficiency of these specimens on the 


POUNDS 


basis of ultimate strength was about Y= | 
93.5% in the case of the crack-free - Euone. 
welds and about 87.5% when the + + 


welds were cracked. The effect of 
spot welds in the sheet was most 
noticeable in the total elongation 
which was reduced to about 27% in 
the case of the crack-free welds and 
to about 18.5% when the welds were 
cracked. 


LOAD 


Results—SA, Stressed Attachment 
Specimens 


STRESS - STRAIN RECORDS — UNSTRESSED ATTACHMENT SPECIMENS 
Stress-strain records for a number Fig. 33 
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Table 7b—Welding Conditions, Unstressed Attachment Specimen 


Electrode 
Pressure, 
Lb. 


Weld 800, forge 2400 
Weld 800, forge 2400 
Weld 800 
Weld 800 
Weld 800 
Weld 800 


Electrode 
Tips 


_— Specimen —~ 
Type No. 
USA 42 
USA 43 
USA 44 
USA 45 
USA 46 
USA 47 
UW 


4-in. R dome 
4-in. R dome 
4-in. R dome 
4-in. R dome 
4-in. R dome 
4-in. R dome 


-———Peak Sec. Current—— 
Max. 
Amp. 

32,000 

32,000 

32,000 

32,000 

32,000 

32,000 18.£ 


Time to Peak, 
Millisec. 


18.5 
18.5 
18.5 
18.2 
18.£ 


Surface Treatment 


10 min 
10 min 
10 min 
10 min 
10 min 
10 min 


14 solution, 
14 solution, 
. 14 solution, 
. 14 solution, 
14 solution, 
. 14 solution, 


, room temp 
, room temp. 
, room temp 
, room temp 
, room temp 
, room temp 


reduction was much in excess of that obtained from the 
corresponding specimens of the USA type. In the SA 
specimen this reduction can be explained by the fact that 
the crack actually subtracts from the effective cross- 
section area of the specimen. The stresses cannot be by- 
passed around the crack through the attachment piece 
as in the case of the USA specimens. The ultimate effi- 
ciency of the sheet was reduced to about 93% by the 
presence of sound welds and to about 71% by cracked 
welds. The most serious effect of weld quality on sheet 
efficiency was with respect to the total elongation. While 
the elongation was reduced to about 35% due to the 
presence of sound welds, it was reduced to about 1.5% 
by the presence of cracked welds. It is evident from the 
above data that it is dangerous to use cracked welds in 
an application where both sheets are stressed in this 
manner. For example, the case may be considered of-an 
assembly which contains a multiplicity of cracked spot 
welds and which is stressed in a manner similar to the 
stressed attachment specimen. If one weld suddenly 
approaches the yield strength due to uneven distribution 
of stress, the cracks propagate before any elongation can 
take place in the metal. As the cracks propagate stress 
is transferred to the adjacent welds where the same proc- 
ess is repeated and progressive failure occurs in the joint. 


A sound, crack-free weld, on the other hand, will reach 
its yield strength and the metal will elongate considerably 
so that the adjacent spots can take their share of the 
stress. When stresses are transmitted across a mul- 
tiple-spot lap joint, the effect is much different than in 
the case of the sheet efficiency type of specimen. In this 
case the stresses concentrate at the edge of the weld, 
and the presence of cracks within the weld are of less 
importance. On the other hand, when a multiple-spot 
lap-welded joint is so located in a structure that it is 
also stressed in a direction parallel to the joint, then the 
same type of behavior found in the sheet efficiency speci- 
men of the stressed attachment type may be expected. 
This distinction between the case where spot welds are 
actually transmitting shear stress and where the spot 
weld merely finds itself in a stressed material, should be 
clearly kept in mind. 

Another point which should be emphasized is that the 
cracks mentioned in Table 8a were not visible at the sur- 
face. They were discovered only by radiography. All 
evidence to date indicates that the welds behave the same 
whether the cracks are visible to the eye or whether they 
ean be discovered only by radiography. 

To summarize the effects of spot welds on sheet effi- 
ciency as measured by the stress-strain record method, 


Table 8a—Analysis of Stress-Strain Records, Stressed Attachment Specimens 


Av. 
Condition Shear 


—Specimen— 


——-Yield Strength———. 
Load Eff. 


Ultimate Strength —Elongation— 


Strength, - 
Lb. Lb. 
2730 
2720 
2680 
2550 
2460 
2470 
2680 
2650 
3000 
2700 
2620 
2720 
3000 
2900 
2950 
2680 
2580 
2590 
2920 
2920 
2950 
2450 
2400 
2500 
3 2300 
4 2370 
5 2300 
Av. 


Type No. 


49 438 
50 Sound 438 
51 Sound 438 
Internal cracks 371 
53 Internal cracks 371 
54 Internal cracks 371 
Sound 533 
56 Sound 533 
57 Sound 533 
58 Internal cracks 
59 Internal cracks 
60 Internal cracks 
61 Sound 
62 Sound 
63 Sound 
64 Internal cracks 
65 Internal cracks 
66 Internal cracks 
Sound 
68 Sound 
69 Sound 
Internal cracks 
71 Internal cracks 
2 Internal cracks 


7 
7 
7 
‘ 


Psi. 
56,300 
56,000 
55,200 
51,900 
50,700 
50,900 
55,400 
54,700 
56,900 
50,600 
49,200 
51,000 
56,300 
54,400 
55,400 
50,400 
48,500 
48,700 
55,200 
55,200 
55,800 
46,500 
45,500 
47,400 
55,700 
57,300 
56,800 
56,500 


———-Load——— Eff. 
Lb. Psi. 

3220 66,400 
3150 65,000 
3140 64,700 
2550 51,900 
2460 50,700 
2470 50,900 
3100 64,000 
3090 63,900 
3510 66,700 
2700 50,600 
2620 49,200 
2720 51.000 
3570 67,000 
3290 61,800 
3430 64,400 
2680 50,400 
2580 48,500 
2590 48,700 
3400 64,200 
3250 61,500 
3400 64,300 
2450 46,500 
2400 45,500 
2500 47,400 
2790 67,500 
3010 72,700 
2740 67,600 


69,300 


or 


bo 
00 CO CO 


~ 


WwW & 


Note: The efficiencies in this table are based on the average results obtained from specimens UW-73, UW-74 and UW-75. 
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No 
No 
No 
No 
No 
“eee 
SA i 
aA 99.4 
99.0 
97.5 
91.6 
89.6 
SA 90.0 
97.8 
96.6 
SA 100.0 
89.5 
SA 86.9 
SA 90.1 
99.4 
SA 96.0 
a 97.8 
SA 89.0 | 
85.7 
86 
a 97.5 
97.5 
SA 98.5 
SA 
SA 80.4 
SA 83.7 
UW | 
UW 
15.7 
| | 
303-s 
av 


Table 8h—Welding Conditions, Stressed Attachment Specimens 


Electrode ——Peak Sec. Current—— 
— Specimen —~ Electrode Pressure, Max. Time to Peak, 
Type No. Tips Lb. Amp. Millisec. Surface Treatment 
SA 49 4-in. R dome Weld 800, forge 2400 33,000 19 No. 14 solution, 10 min., room temp. 
SA 50 4-in. R dome Weld 800, forge 2400 33,000 19 No. 14 solution, 10 min., room temp. 
SA 51 4-in. R dome Weld 800, forge 2400 33,000 19 No. 14 solution, 10 min., room temp. 
SA 52 4-in. R dome Weld 800 33,000 19 No. 14 solution, 10 min., room temp. 
SA 5 4-in. R dome Weld 800 33,000 19 No. 14 solution, 10 min., room temp. 
SA 54 4-in. R dome Weld 800 33,000 19 No. 14 solution, 10 min., room temp. 
SA 55 4-in. R dome Weld 800, forge 2400 34,000 19 No. 14 solution, 10 min., room temp. 
SA 56 4-in. R dome Weld 800, forge 2400 34,000 19 No. 14 solution, 10 min., room temp. 
SA 57 4-in. R dome Weld 800, forge 2400 34,000 19 No. 14 solution, 10 min., room temp. 
SA 58 4-in. R dome Weld 800 34,000 19 No. 14 solution, 10 min., room temp. 
SA 59 4-in. R dome Weld 800 34,000 19 No. 14 solution, 10 min., room temp. 
SA 60 4-in. R dome Weld 800 34,000 19 No. 14 solution, 10 min., room temp. 
SA 61 4-in. R dome Weld 800, forge 2400 35,500 19.5 No. 14 solution, 10 min., room temp. 
SA 62 4-in. R dome Weld 800, forge 2400 35,500 19.5 No. 14 solution, 10 min., room temp. 
SA 63 4-in. R dome Weld 800, forge 2400 35,500 19.5 No. 14 solution, 10 min., room temp. 
SA 64 4-in. R dome Weld 800 35,500 19.5 No. 14 solution, 10 min., room temp. 
SA 65 4-in. R dome Weld 800 35,500 19.5 No. 14 solution, 10 min., room temp. 
SA 66 4-in. R dome Weld 800 35,500 19.5 No. 14 solution, 10 min., room temp. 
SA 67 4-in. R dome Weld 800, forge 2400 36,500 19.5 No. 14 solution, 10 min., room temp. 
SA 68 4-in. R dome Weld 800, forge 2400 36,500 19.5 No. 14 solution, 10 min., room temp. 
SA 69 4-in. R dome Weld 800, forge 2400 36,500 19.5 No. 14 solution, 10 min., room temp. 
SA 70 4-in. R dome Weld 800 3,6500 19.5 No. 14 solution, 10 min., room temp. 
SA 71 4-in. R dome Weld 800 3,6500 19.5 No. 14 solution, 10 min., room temp. 
SA 72 4-in. R dome Weld 800 3,6500 19.5 No. 14 solution, 10 min., room temp. 


Table 9 is presented. This table shows typical average 
values of yield, ultimate and elongation efficiencies ob- 
tained with stressed and unstressed attachment speci- 
mens containing either sound or cracked welds. From 
this table it is evident that the presence of cracks in 
welds in the stressed attachment type of specimen has 
considerably more effect in lowering the values of all 
three kinds of efficiency than has the presence of cracks 
in welds in the unstressed attachment specimens. It is 
also apparent that the presence of a cracked weld in 
either type of specimen has the least effect upon the 
yield efficiency and the greatest effect upon the elonga- 
tion efficiency of the specimen. 

At this point it must be remembered that rivet holes 
have similar effects on sheet efficiency. Tests conducted 
at the Aluminum Research Laboratories indicate that the 
elongation of bare 24S-T sheet, 0.032 in. thick x 1 in. 
width, is reduced from 19.0% in 2 in. to about 4'/2% in 
2 in. by a centrally located open hole of about 0.10 in. in 
diameter. This suggests the desirability of making 
similar tests on riveted specimens. 


Conclusions for Complete Report 


In interpreting the results of this investigation it must 
be remembered that it is a preliminary study of the 
effects of spot welds on sheet efficiency, and the scope is 
therefore limited. Most of the investigation was con- 
fined to two types of specimen containing single-spot 
welds in 0.040-in. material. All specimens in this in- 
vestigation were tested under statically applied loads. 
Further research on the effect of sheet thickness, weld 
size, extent of cracking, and residual stresses,on sheet 
efficiency under static and repeated loads is necessary. 
As a result of the research covered by this report, the 
following conclusions may be drawn: 

1. The photogrid method is more useful in studying 
the distribution of permanent set in the vicinity of spot 
welds than in studying sheet efficiency. By this method 
alone, sheet efficiency can be conveniently evaluated 
only in terms of ultimate strength and local elongation 
of the sheet some distance from the weld. The photo- 
grid method is useful in investigations of how failure 
starts and progresses in spot-welded specimens. 


Table 9—Summary of the Effect of Spot Welding on Sheet 
Efficiency 


. Condition Av. Efficiency in % 
Specimen of Yield Ultimate Total Elongation 
Type Weld Strength Strength in2In. Across Weld 
SA Crack-free 98 93 35 
SA Cracked 87 71 1.5 
USA Crack-free 100 93.5 27 
USA Cracked 98 87.5 18.5 


2. Within the limitations of this investigation the 
photogrid method yields practically the same results on 
specimens of both Alclad and bare 24S-T materials. 
This indicates the cladding on Alclad sheet does not 
flow with respect to the alloy core when the specimen is 
pulled in tension. 

3. The stress-strain record method is very useful in 
studying the effects of spot welds on sheet efficiency be- 
cause it provides a complete record of stress and strain 
from no load to the breaking load. Sheet efficiency can 
thus be evaluated not only in terms of ultimate strength 
and total elongation but ajso in terms of yield strength. 

4. The stress-strain record method, when carried out 
with automatic recording equipment, is a much more 
rapid means of determining sheet efficiencies than is the 
photogrid method. Frequently the two methods can be 
advantageously used to supplement each other. 

5. The ductility of stressed attachment specimens is 
seriously reduced by the presence of cracks in the welds. 
In this type of specimen failure takes place suddenly with 
little or no plastic deformation. Failure usually starts at 
a crack and propagates across the specimen. The ulti- 
mate strength is therefore reduced to a value only 
slightly greater than the yield strength of the material. 

6. The presence of cracks in welds in unstressed at- 
tachment specimens is not as serious as in stressed at- 
tachment specimens. Considerable elongation occurs 
after the yield strength is reached, thus permitting re- 
distribution of the load. This is probably due to the fact 
that the attachment reinforces the cross section of the 


_ Specimen at the point where the cracks occur. 


7. The presence of welds does not seriously reduce 
the yield strength of the sheet, with the exception of 
eracked welds in stressed attachment specimens. 
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8. The effect of cracked welds on sheet efficiency is 1. 


nearly the same regardless of whether the cracks extend 
to the surface or whether they can be detected only by 
means of radiography. 

9. Some specimens containing crack-free welds ex- 
hibit higher elongation efficiencies than others. The 
variations between such specimens may be due to differ- 
ences with respect to the magnitude of residual stresses 
locked in the welds. It is reasonable to assume that 
different welding conditions are capable of producing 
crack-free welds which differ in this respect. Experi- 
mental indications have been found of higher elongation 
efficiencies in stressed attachment specimens than those 
given in this report. Therefore, future research in this 
field appears to be promising. 
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Appendix A 


Directions for the Application of 
Fine Line Grids to Metallic Surfaces 


I. Preparation of emulsion 
A. Formula 


40 cc. distilled water 
4 cc. photoengravers’ glue 
1 gm. ammonium bichro- 
mate 
NH,OH—a few drops 


B. Directions for mixing 


1. Put 40 cc. of distilled 
water in 50-cc. grad- 
uate. 

2. Carefully add 4 ce. 
of photoengravers’ 
glue by dropping it 
through the water 
already in the grad- 
uate from the end of 
a glass rod. 

3. Add 1 gm. of (NH,)2- 
Cr,O, to graduate 
and shake well un- 
til everything is in 
solution. 

4. Add NH,OH drop by 
drop until solution 
turns bright yellow. 

Strain the emulsion 
through a fine metal 
screen or filter paper be- 
fore using. 

D. Keep the emulsion out of 
direct sunlight. 

E. Caution! Emulsion must 
be mixed the day it is to 
be used. 


II. Preparation of metal surface 
before applying emulsion 


A. Aluminum specimens 


Rub the specimen with 38-600X Alun- 


dum for aluminum or Alclad material 
and Tripoli pumice for bare 24S-T until 
a dull, uniform surface is obtained, be- 
ing especially careful to get the abrasive 
down -into any depressions, such as 
spot welds. The main idea is to clean 
and roughen the surface. Care should 
be taken in doing this because the 
emulsion will later peel off from any 
spots that appear bright to the eye. 


Keep specimen in cold water until emul- 


Steel 


3. 


sion is put on. 


Rub surface to at least 3/0 paper or finer 


if possible. 


Rub the specimens with abrasive (Alun- 


dum is best) until surface is smooth and 
uniform. 


Etch with 2% Nital until uniform dull 


surface results. 


Rub lightly with abrasive again—do nof 
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polish! 
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V. Directions for mixing and using developing dye 
1. 


5. Keep specimen in.cold water until emul- 
sion is put on. 


C. Brass or copper 


1. Finish surface to 3/0 paper. 

2. Rub the surface with abrasive (Tripoli is 
best) until surface is smooth and uni- 
form. 

3. Etch with NH,OH + H,O, + H,O (10 
parts:4 parts:10 parts) until surface 
is uniformly dull. 

4. Rub lightly with Tripoli—do not polish! 

5. Keep specimen in cold water until emul- 
sion is put on. 


III. Procedure for applying emulsion to surface of the 
metal 


The surface must be prepared as above. 

Place the specimen on the slow polishing wheel. 

Clean the surface with distilled water while 
the wheel is turning. 

Pour on a small amount of the emulsion (be 
sure to pour the emulsion on the center of the 
specimen). 

Allow specimen to revolve on the wheel until 
a uniform, thin coating is obtained (about 
30 sec. in most cases). For some unusual 
shapes of specimens, blowing on the speci- 
men while it is revolving will help to spread 
the emulsion uniformly. 

Take the specimen off the wheel and dry with 
a warm air drier. 

Remove all the excess emulsion from the speci- 
men, leaving it only on the required area, 
with a cloth. 

Leave the specimen in the warm air only long 
enough to thoroughly dry it but not long 
enough for it to become overheated. 

Expose the specimen within about 15-20 min. 
after putting the emulsion on. 


IV. Directions for exposing and developing the speci- 
men 


Hold the master grid directly on the emulsion 
surface with clamps. 

Expose the specimen in parallel light from an 
are light for a length of time sufficient to 
produce the desired results. 

Remove the master grid. 

Wash the specimen in cold water. 

Dip specimen in the developing dye, leave for 
1-3 sec. The shorter the time, the finer 
the resulting lines, but if the time in the 
developer is too short part of the emulsion 
will peel off. 

Danger—pour out fresh developing dye each 
day and do not pour this dye back into the 
bottle after using it. The dye will continue 
to be satisfactory for about 10 average 
specimens and then fresh dye must be used 
or the emulsion will peel from the specimens 
while developing. 

Wash in slowly moving water (suggest a beaker 
held under a slightly open water tap) until 
all the excess dye has been removed. 

Dry the specimen and it is finished. 


Dissolve a package of Wells & Richards 
Diamond Dye in a pint of water and store in 
a dark bottle. 

Pour out dye to be used into a tray but never 
return the used dye to the bottle. 


3. The unused dye in the bottle will last indeg. 
nitely but the used dye will not keep for 
longer than a few hours. 


VI. General directions 


1. Black Diamond Dye has been most satis. 
factory in most cases but Red Diamond Dye 
has had advantages in certain applications, 
Any color may be used if desired. 

2. The master grid has lines in only one direction 
but if a grid of lines running at right angles 
is desired, it is easy to accomplish this by 
making a double exposure of the master 
grid on the specimen. The first exposure is 
made with the grid in one direction, and 
then the grid is turned 90° and an exposure 
made for the same length of time. Then 
develop the specimen in the same manner 
as above. 


Appendix B 


Notes on Development of Technique of Grid 
Application 


In the early stages of the work it was very difficult to 
consistently obtain satisfactory grids on the specimens 
under investigation. In the course of continued experi- 
ence with the process it became apparent that much of 
the trouble was due to certain details in the technique 
employed. This was something which could only be 
learned by experience and the following notes are pre- 
sented for the benefit of future investigators: 

1. ‘Phe emulsion will not keep. It must be prepared 
the same day that it is used. 

2. The developing dye will not keep once it has been 
used on a specimen. 

3. By changing the exposure and developing time a 
complete reversal of light areas for dark can take place. 
It was necessary to find which of these two possibilities 
was best and more easily and consistently obtained. 

4. The time of developitig and exposing are quite 
critical. The sun was used in the early experiments as 
a light source and it varied considerably in intensity 
from day to day. This influenced the results. The 
present method of exposing the specimens to an arc lamp 
was adopted because it was easier and more consistent 
than using sunlight. 

5. The preparation of the metal surface is entirely 
dependent on the metal being used. It is even different 
for Alclad and Plain 24S-T. The main necessity is that 
the surface must be roughened just enough so that the 
grid will stick tightly to the surface yet not so rough that 
it makes the lines look uneven and rough under the 
microscope. If the surface is not rough enough the grid 
will be partially or wholly obscured by interference colors 
on the surface. It was necessary when using this tech- 
nique with other metals such as steel and brass, to etch 
the surface with some reagent which attacked them. 
Etching with a 2% HF solution worked well with alumi- 
num but it was found unnecessary and was abandoned. 

6. Using the original directions for mixing and apply- 
ing the emulsion, the emulsion would not wash out from 
between the lines evenly. This would leave the lines very 
rough and uneven. The proportions of the emulsion 
were varied until much better results were obtained. The 
proportions given on the instruction sheets proved the 
best for this investigation. 
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Influence of Heat Treatment Upon the 
Susceptibility to Graphitization of High 
Aluminum Deoxidized Carbon- 

3 Molybdenum Steel 


By F. Eberlet 
STUDY of the behavior of carbon-molybdenum 
steels in long-time service at steam plant oper- "Sy 
ating temperatures led to the observation that 
susceptibility to graphitization may be influenced by the 
heat treatment of the material prior to installation. 2 
For example, in high aluminum deoxidized pipe with | 
welded upset ends—the upsetting carried out at 2000° F. wade 
ditions might be encountered : ‘ ee ry 
affected upset material; graphitized. * 
(d) Transition zone from the upset to the unupset part 
of the pipe which had been heated to and cooled 


from a temperature of 1300-1400° F.; graphi- 
tized. 


ag ' Contributed by the Joint A.S.T.M.-A.S.M.E. Research Committee on 
the Effect of Temperature on the Properties of Metals and Presented at the 
Annual Meeting, New York, N. Y., Nov. 25-30, 1945, of The American 
Society of Mechanical Engineers. 
on Research Metallurgical Engineer, The Babcock & Wilcox Co., Barberton, 

10. 

Note: Statements and opinions advanced in papers are to be understood 
as individual expressions of their authors and not those of the Society. 


Fig. 1—Steel A (1 Hr. 2200° + 1 Hr. 1400° F./Fee. 


1°/Hr.) + 50% Cold Reduction). men B4 After 3000 
Hr. at 1000° F.; sob 


Fig. : 2—Steel A (1 Hr. 1650° F./Air + 50% Cold Reduction). 
Specimen E2 After 3000 Hr. at 1000° F.; 500 x 


(e) Heat-unaffected unupset body of the pipe; graphi- 
tized or not graphitized, depending on the heat 
treating temperature and rate of cooling prior to 
installation. 


This influence of prior heat treatment or weld heat 
effects upon susceptibility to graphitization was subse- 
quently explored with a series of experiments designed 
to examine the following factors: 


1. Rapid cooling from very high temperatures as 
sometimes encountered in upset pipe ends and 
in the high-temperature zone of weld-affected 
metal. 


2. Slow cooling from very high temperatures, some- 
times found in pipes and heavy castings. 
3. Rapid cooling from temperatures above, but in the 


vicinity of the A; point of the steel as employed 
in standard normalizing treatment. 

4. Slow cooling from temperatures above, but in the 
vicinity of the A; point of the steel as met in 
“normalized”’ heavy castings. 

5. Rapid and slow cooling from temperatures just 
above the A, point of the steel after heat treat- 
ments (1) to (4) as may occur in the low- 
temperature zone of weld-affected metal (“‘con- 
tact zone’). 
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Fig. 3—Steel A a Hr. F (50°/Hr.)) Specimen Cl 
After 3000 Hr. at 1000° F.; 500 x 


6. Quenching of normalized material from tempera- 
tures just above and just below the A, point of 
the steel as may be encountered in the contact 
zone between weld-affected and weld-unaffected 
metal. 

7. Annealing at 1200 and 1300° F., respectively, as 
employed for stress relieving. 


No attempt was made in these experiments to repro- 
duce exact fabrication conditions, i.e., the rate of cooling 
in the normalized samples was sometimes faster, the 
quenching of the quenched samples more drastic and the 
cooling of the annealed samples slower than in fabricated 
material. This was done purposely in order to establish 
fundamental trends and, if possible, to shed more light 
on the mechanism of graphitization. 


Experimental Procedures 


For some of the tests only unwelded specimens were 
used, consisting of */4-in. cubes machined from the heat- 
treated material so as to eliminate oxidized and decar- 
burized surface metal. In general, the heat treating was 


” 


Fig. 4—Steel A (1 Hr. 2200° F. Fee. (50°/Hr.) + 1 Hr. 1400° F./Fce. (1°/Hr.) 


done in a salt or lead bath. Some tests with unweldeq 
material were run in duplicate, one set of specimens re. 
maining in the heat-treated and machined condition, 
while identical specimens of a second set were 50°, cold 
compressed in a tensile machine prior to the soaking in 
the lead bath at 1000° F. This severe cold deformation 
had been found to generally promote or accelerate 
graphitization and helped to induce the formation of 
graphite in some conditions of heat treatment where it 
would otherwise not occur, at least not within the chosen 
duration of the tests. 

A secand set of experiments was conducted with 
special spot welds consisting of 1-in. diam. x !/s-in. thick 
disks which were prepared by placing them between the 
water-cooled electrode tips of a spot-welding machine 
and applying sufficient current to fuse the core of the 
disks from cold to fusion within '/15, 2/15 and '/; sec., 
respectively, the disks then cooling to room temperature 
within 1 sec. These tests were intended to give in- 
formation on the effect of extremely rapid cooling under 
conditions of welding. 

A third series of tests was carried out with regular mul- 
tiple-pass are welds prepared by jeining two plates which 
had been water-, air- or slow furnace cooled from 2200 
and 1650° F., respectively, prior to the welding, water- 
cooled plate being welded to water-cooled plate and air- 
cooled plate to air-cooled plate, etc. Each of these test 
welds was then cut into three sections, one section re- 
maining in the as-welded condition, a second section being 
standard stress relieved at 1200° F. and the third section 
annealed at 1300° F. for 20 hrs. These tests were in- 
tended to furnish information on the effect of various 
heat treatments under actual fabricating conditions. 

All graphitization tests were conducted in a charcoal- 
covered lead bath held at 1000° F. 


Materials 


Two types of carbon-molybdenum steel were em- 
ployed: two high-aluminum deoxidized steels of great 
susceptibility to graphitization (Steels A and B) and a 
high-aluminum deoxidized steel of low susceptibility to 
graphitization (Steel C). The deoxidation practice, 
McQuaid-Ehn case characteristics and chemistry of these 
steels are given in Tables | to 6 which also contain sum- 
maries of the test results. 


> Cold Reduction). 


Specimen C4 After 3000 Hr. at 1000° F.; 500 x 
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‘TABLE 1 


Test Series A—Tests With Unweided Specimens In Various Conditions Of Heat Treatment 
(Specimens %,‘' Cubes Machined From Heat Treated Material) 


Steel "A": Si-Al Killed (1.8 Ib. Al/Ton), McQuaid-Ehn Grain Size 7 (Abnorm.) 
-19C, .48Mn, .16Si, .018P, .024S, .52Mo, .039 Al, .009 Al.0; 


Specimen Heat Treatment * Results of 3000 hr Tests At 1000F lilustration 
BI 1 hr 2200F/Air No Graphite 
B2 1 hr 2200F/Air +-50% Cold Reduction No Graphite 
B3 1 hr 2200F/Air 4-1 hr 1400F/Fee (1°/hr) Very Few Scattered Very Small Nodules 
B4 1 hr 2200F/Air +-1 hr 1400F/Fee (1° /hr) Scattered Small Nodules Fig. 1 
-+-50% Cold Reduction 
El 1 hr 1650F/Air No Graphite 
E2 * 1 hr 1650F/Air +-50% Cold Reduction Scattered Small Nodules Fig. 2 
1 hr 1650F/Air +-1 hr 1400F/Fce (1° /hr) No Graphite 
E4 1 hr 1650F/Air +-1 hr 1400F/Fee (1° /hr) Few Scattered Small Nodules 
-+-50% Cold Reduction 
E5 1 hr 1650F/Air +1 hr 1400F/Air Very Few Scattered Very Small Nodules 
E6 1 hr 1650F/Air +-1 hr 1400F/Air Few Scattered Small Nodules 
-+-50% Cold Reduction 
£7 1 hr 1650F/Air -+-1 hr 1400F/Water Few Scattered Very Small Nodules 
E8 1 hr 1650F/Air +1 hr 1400E/Woater Scattered Very Small Nodules 
+50% Cold Reduction 
Cl 1 hr 2200F/Fce (50° /hr) Scattered Large Nodules Fig. 3 
C2 1 hr 2200F/Fce (50° /hr) +-50% Cold Reduction Increased Number Of Scattered Large Nodules 
C3 1 hr 2200F /Fee (50° /hr) +-1 hr 1400F/Fee (1° /hr) Very Few Scattered Small Nodules 
C4 1 hr 2200F /Fee (50° /hr) -++-1 hr 1400F AFce (1° /hr) Grain Boundary Chain Graphite And Scattered Fig. 4 
+50% Cold Reduction Medium Sized Nodules 
Fl 1 hr 1650F/Fce (50° /hr) Segregated Graphite At Surface Only — 
F2 1 hr 1650F/Fee (50° /hr) +50% Cold Reduction Scattered Small Nodules 
F3 1 hr 1650F/Fee (50° /hr) +1 hr 1400F/Fce (1° /hr) Few Scattered Small Nodules 
F4 1 hr 1650F/Fee (50° /hr) +-1 hr 1400F/Fee (1° /hr) Scattered Small Nodules Fig. 5 
+50% Cold Reduction 
55 1 hr 1650F/Fce (50°/hr) +-1 hr 1400F/Air Very Few Scattered Small Nodules 
F6 1 hr 1650F /Fee (50° /hr) +-1 hr 1400F/Air Scattered Small Nodules 
+50% Cold Reduction 
F7 1 hr 1650F/Fee (50° /hr) +-1 hr 1400F/Water Few Scattered Small Nodules 
F8 1 hr 1650F/Fce (50° /hr) +-1 hr 1400F/Water Scattered Small Nodules Fig. 6 
+25% Cold Reduction 
TABLE 2 
Test Series B—Tests With Unwelded Specimens In Various Conditions Of Heat Treatment 
(Specimens 3%" Cubes Machined From Heat Treated Material) 
Steel “B: Si-Al Killed (1.8 Ib. Al/Ton), McQuaid-Ehn Grain Size 6-7 (Abnorm.) 
-11C, .45Mn, .14Si, .012P, .026S, .53Mo, .036 Al, .006 Al,0, 
Specimen Heat Treatment Results Of 3000 hr Tests At 1000F 
SRI 4 hr 2200F/Fee (50° /hr) No Graphite 
SR2 4 hr 2200F/Fce +-4 hr 1200F /Fee Locatized Nodules At Surface Only 
SR3 4 hr 2200F/Fce +-4 hr 1300F/Fre Some Scattered Medium Nodules At Surface Only 
SR4 4 hr 2200F/Fce +50% Cold Reduction Numerous Small To Medium Nodules 
SR5 4 hr 2200F/Fce +50% Cold Red. -+-4 hr 1200F/Fce Numerous Small To Medium and Some Large Nodules 
SR6 4 hr 2200F/Fce +50% Cold Red. +-4 hr 1300F/Fce Medium Amount Of Small To Medium And Some Large Nodules 
SR7 4 hr 2200F/Water No Graphite 
SR8 4 hr 2200F/Water +4 hr 1200F/Fee No Graphite 
SRO 4 hr 2200F/Water -+-4 hr 1300F/Fee No Graphite 
SR10 4 hr 2200F/Water +-50% Cold Reduction No Graphite 
SR11 4 hr 2200F/Water +-50% Cold Red. -+-4 hr 1200F No Graphite 
SR12 4 hr 2200F/Water +-50% Cold Red. -++-4 hr 1300F No Graphite 
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Test Results 


Evaluation of the test results led to the following con- 
clusions: 

1. Carbon-molybdenum steels deoxidized with the 
same nominal amount of aluminum, possessing prac- 
tically identical chemistry and displaying practically 
identical abnormal McQuaid-Ehn case characteristics 
may show differences in susceptibility to or rate of 
graphitization. 

2. Annealing at very high temperatures followed by 
rapid cooling seems to inhibit or retard graphitization at 
the contemplated temperatures. This was found to be 
true also for specimens which had been 50% cold reduced 
by compression prior to the subcritical annealing at 
1000° F. 

3. Annealing at temperatures above, but near the 
A; point of the steel followed by rapid cooling appears 


to be much less effective in retarding graphitization th. . 
rapid cooling from very high temperatures. Wh, 
severely cold deformed, such material may form graph... 
within 1500 to 3000 hr. at 1000° F. . 

4. Annealing at very high temperatures followed by 
slow cooling seems to promote or accelerate graphitj- 
zation. In this condition relative large scattered graph- 
ite nodules are formed within 1500 hr. at 1000° F. 

5. Annealing at temperatures above, but near the 
A; point followed by slow cooling renders the steel less 
susceptible to graphitization than slow cooling from vy 
high temperatures, but more susceptible than air cooling 
from temperatures above, but near the A; point. 

6. Reheating steel which had been rapidly cooled 
from very high temperatures and thereby made in- 
sensitive to graphitization, to temperatures just above 
the A; point renders it again susceptible, irrespective 
of the subsequent rate of cooling. P 


TABLE 3 


Test Series C—Tests With Unwelded Specimens In Various Conditions Of Heat Treatment 
(Specimens %"* Cubes Machined From Heat Treated Material) 


Steel “A: Si-Al Killed (1.8 Ib. Al/Ton), McQuaid-Ehn Grain Size 7 (Abnorm.) 
.19C, .48Mn, .16Si, .018P, .024S, .52Mo, .039 Al, .009 Al.0; 


Specimen Heat Treatment Results Of 1500 hr Tests At 1000F 
Gl 1 hr 2200F/Air + 1 hr 1300F/Fce No Graphite 
G2 1 hr 2200F/Air + 1 hr 1300F/Fce +-50% Cold Reduction Small Nodules At Surface Only 
G3 1 hr 1650F/Air + 1 hr 1300F/Fee No Graphite 
G4 1 hr 1650F/Air + 1 hr 1300F/Fce +-50% Cold Reduction Few Small Nodules At Surface Only 
G5 1 hr 1650F/Air -+-20 hr 1300F/Fee No Graphite 
Gé 1 hr 1650F/Air +-20 hr 1300F/Fce +-50% Cold Reduction Few Small Nodules At Surface Only 
H1 1 hr 2200F/Fce (50°/hr) + 1 hr 1300F/Fce Some Small To Medium Nodules At Surface Only 
H2 1 hr 2200F/Fce (50° /hr) + 1 hr 1300F/Fce +50% Cold Red. Numerous Small Nodules a 
H3 1 hr 1650F/Fce (50° /hr) + 1 hr 1300F/Fee Some Small Nodules At Surface Only 
H4 1 hr 1650F/Fce (50° /hr) + 1 hr 1300F/Fce +50% Cold Red. Few Small Nodules 
H5 1 hr 1650F/Fce (50° /hr) +-20 hr 1300F/Fce Some Small Nodules At Surface Only 
Ho 1 hr 1650F/Fce (50° /hr) +20 hr 1300F/Fce +50% Cold Red. Some Small Nodules At Surface Only 


TABLE 4 
Test Series D—Tests With Unwelded Specimens Quenched From Temperatures Just Above And Just Below The A; Point Of The Steel 
Specimens, Normalized At 1650F) 


Steel “'B": Si-Al Killed (1.8 Ib. Al/Ton), McQuaid-Ehn Grain Size 6-7 (Abnorm.) 
.11C, .45Mn, .14Si, .012P, .026S, .53Mo, .036 Al, .006 Al.0; 


Specimen Heat Treatment Results of 10000 hr Tests At 1000F 

KI hr 1400F /Ice-Brine Uniformly Scattered Graphite 

K2 Yq hr 1350F/Ice-Brine. Less Uniform And Less Graphite Than In KI 

K3 Yq hr 1300F/Ice-Brine As In K2 

K4 V2 hr 1250F/Ice-Brine As In K2 

TABLE 5 
Test Series E—Tests With Discs Containing Spotweld Fused Cores 
(Specimens 1" dia. x Y¥" thick, Machined From Material Normalized At 1700F And Heated Between The 
Water Cooled Electrode Tips Of A Spotwelding Machine) 
Steel “B"’: Si-Al Killed (1.8 Ib. Al/Ton), McQuaid-Ehn Grain Size 6-7 (Abnormal) 
.11C, .45Mn, .14Si, .012P, .026S, .036 Al, .006 Al.0, 
Heating Time Cooling Time Results of 10000 hr Tests At 1000F 
Specimen To Fusion To Room Temp. Fused Core Contact Z. Weld-Aff./Weld-Unaff. M. Weld-Unaff. Metal 

ul 1/15 sec. 1 sec. No Graphite Few Scattered Nodules Few Scattered Nodules 

L2 2/15 sec. 1 sec. No Graphite Few Scattered Nodules Few Scattered Nodules 

13 1/5 sec. 1 sec. No Graphite Few Scattered Nodules Few Scattered Nodules 
310-s WELDING RESEARCH SUPPLEMENT MAY 
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TABLE 6 


| Test Series F—Tests With Standard Multiple Pass Arc Welds 
oti (Specimens 5°x5"x1" Plate Sections In Various Conditions Of Heat Treatment Welded Together And Postweld Treated As Indicated) 


Steel ‘'C"’: Si-Al Killed (1.5 Ib. Al/Ton), McQuaid-Ehn Grain Size 5-7 (Slight To Medium Degree of Abnormality) 


.18C, .83Mn, .23Si, .016P, .023S, .49Mo, .041 Al, .029 Al:0s 
h- Results Of 6000 hr Tests At 1000F 
, 2200F Treated Material 1650F Treated Material 
. Heat Treatment Of Plate Postweld Heat-Aff. Z. Heot-Aff. Z. 
ss Specimen Pair Treatment Weld-Unoff. M. (Contact Z.) Weld-Unaff. M. (Contact Z.) 
ry 
lg M1 2200F /Water—1650F/Water None No Graphite No Graphite No Graphite No Graphite 
M2 2200F /Water—1650F/Water 1 hr 1200F No Graphite No Graphite No Graphite No Graphite 
d M3 2200F /Water—1650F/Water 20 hr 1300F No Graphite No Graphite No Graphite No Graphite 
a M4 2200F /Air—1650F/Air None No Graphite No Graphite Some Nodules In No Graphite 
re 4 Some Cold 
Worked Surface 
Zones 
M5 2200F /Air—1650F/Air 1 hr 1200F No Graphite No Graphite Some Nodules in No Graphite 
Some Cold 
Worked Surface 
Zones 
M6 2200F /Air—1650F/Air 20 hr 1300F No Graphite No Graphite No Graphite No Graphite 
M7 2200F/Fce*—1650F/Fee* None A Few Isolated Some Widely Some Nodules In Soime Scatt. 
‘ Nodules Scattered Cold Worked Small To Med. 
Medium Nod. Surface Zones Nodules 
Only 
M8 2200F/Fce*—1650F/Fee* 1 hr 1200F A few Widely Some Scatt. Some Large Nod. No Graphite 
Scatt. Nodules Medium Nod. In Surface 
Zones Only 
Mg 2200F /Fce*—1650F/Fre* 20 hr 1300F No Graphite No Graphite No Graphite No Graphite 


* Cooled 50° per hour 


7. Heating to just above the A; point (1400° F.) susceptible to graphitization when subsequently re- 
followed by water quenching renders the steel more heated to just above the A; point than steel which pre- 
susceptible to graphitization than slow furnace cooling viously had been heated to temperatures above, but in 
from the same temperature. On the other hand, slow _ the vicinity of the A; point. 
cooling from just above the A, point favors graphitiza- 
tion more than air cooling. In this connection it should 
be remembered that quenching from very high tempera- 
tures inhibited the formation of graphite more effectively 
than arly other heat treatment. The high susceptibility 
to graphitization resulting from quenching from just 
above the A; point therefore deserves particular atten- 
tion. 

8. Steel which previously had been heated to very 
high temperatures appears to be rendered slightly more 


9. Material which had been slow furnace cooled from 
temperatures above the A; point appears to be slightly 
more susceptible to graphitization when subsequently 
reheated to temperatures just above the A; point than 
previously fast cooled material. Steel slowly cooled from 
very high temperatures, reheated to above the A; point 
and then severely strained shows a tendency to form 
continuous grain boundary chain graphite. 


10. Quenching from temperatures just above the A, 


Fig. 5—Steel A (1 Hr. 1650° F. /Foe. (50°/Hr.) + 1 Hr. 1400° F./ Fig. 6—Steel A (1 Hr. 1650° F./Fce. (50°/Hr.) + 1 Hr. 1400° F./ 

Foe. (1°/Hr.) + 50% Cold Reduction). Specimen F4 After Water + 25% Cold Reduction). Specimen F8 After 3000 Hr. 
3000 Hr. at 1000° F.; 500 x at 1000° F.; x 
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boint seems to favor graphitization more than quenching 
from temperatures just below the A, point. 

1l. Annealing at 1200° F. as used in conventional 
stress relieving appears to have little effect upon the 
formation of graphite unless accompanied by a reduction 
or elimination of stresses. Under like conditions, anneal- 
ing at 1300° F. for the same length of time seems to 
reduce the number of graphite nodules, but does not seem 
to prevent their formation. 

12. Long-time annealing at 1300° F. considerably 
retards the formation of graphite and also tends to re- 
duce the number of nodules formed. 


General Deductions 


The pattern of susceptibility to graphitization obtained 
with the various heat treatments preceding the isothermal 
graphitization tests at 1000° F. clearly indicates the in- 
volvement of a submicroscopic precipitation phenomenon 
as suggested by Austin and Fetzer.* There seems to be 
a substance, elements or compounds, which upon pre- 
cipitation in a certain state promotes carbide instability. 
The solution temperature of this substance seems to be 
rather high and its precipitation from solution relatively 
sluggish. Air cooling from temperatures above 2000° F. 
appears to suffice to retain these elements or compounds 
in solution even in the extremely sensitive high-aluminum 
deoxidized steels and in this condition the steel will not 
graphitize within 10,000 hr. at 1000° F. as demonstrated 
by the behavior of the spot-weld used samples. Heating 
the steel to intermediate temperatures above, but in the 
vicinity of the A; point apparently does not create com- 
plete solution and diffusion of the submicroscopic phase 
and abnormal steel air cooled from such temperatures 
will graphitize under favorable conditions, as for in- 
stance, when severely cold deformed. Slow cooling from 
very high and from intermediate temperatures precipi- 
tates the phase and renders the steel susceptible to 
graphitization. Complete solution and diffusion of the 
phase as obtained at very high temperatures seem to 
result in a more effective state of precipitation than in- 


*“Factors Controlling Graphitization of Carbon Steels At Subcritical 


ate ; atures,”’ Austin, Ch. R., and Fetzer, M. C., Trans ASM, 39 485-535 


complete solution and diffusion as obtained at inter. 
mediate temperatures. If steel which had been rapidly 
cooled from high temperatures is subsequently reheated 
to temperatures just above the A; point, the dissolyeq 
phase will at least partly precipitate and render the ste¢| 
again susceptible to graphitization. It is suspected that 
the allotropic transformation at the A, point, particularly 
when combined with straining, aids the precipitation of 
the submicroscopic phase. The preferential occurrence 
of graphite in the low-temperature zone of weld-affected 
metal may be similarly explained. Short-time annealing 
at 1200 and 1300° F. apparently fails to bring about 
effective precipitation of the phase. On the other hand, 
once the phase is precipitated, annealing at 1200 and 
1300° F. tends to render the phase ineffective, pre. 
sumably by coalescence or.agglomeration. At 1200° F., 
this effect seems to be very slight and even at 1300° F,, 
a relatively long annealing time is required to produce 
results of practical significance. 


Practical Conclusions 


Applying the presented deductions to the practical 
aspect of graphitization in welded structures, the follow- 
ing conclusions suggest themselves: 


1. Normalized material is slightly less susceptible to 
graphitization than annealed material. 

2. Normalizing at temperatures close to the A, point 
offers a better safeguard against the formation 
of dangerous chain graphite than normalizing 
at very high temperatures. 

3. Welding conditions should be chosen so as to 
minimize strain in the weld-affected metal by 
Suitable preheating. 

4. Long-time stress relieving, at 1300° F. is more 
advantageous as a safeguard against graphitiza- 
tion than conventional stress relieving at 1200° 
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Summary 


Philips’ Glow-lamp Works, Eindhoven, Holland) 

is described, which combines the properties of 
touch welding, self starting and reignition. The tech- 
nique of welding with this electrode has been termed 
“contact arc welding.” The very heavy conductive 
coating of these welding electrodes was obtained by 
transferring a great part of the iron from the core wire to 
the coating, this iron being deposited in the weld. The 
mechanical properties of the deposited material of a type 
which is called Contact 15 (formerly called 55C) are of 
the highest grade, particularly the impact value. A 
long cup formed by the superheavy coating results in 
very little material losses especially when welding in the 
overhead position. This holds also when these contact 
electrodes are welded with the free arc. , 

Contact arc welding, especially in the flat and hori- 
zontal positions, provides easy handling and less fatigue, 
and because of the special form of the penetration the 
danger of undercut is minimized. For the same reasons, 
heavier electrodes and currents can be used in many 
cases. On the whole, a greater reliability of the welded 
joint may be obtained. 

The special form of the penetration results in good root 
penetration and no undercut. As a result of higher arc 
voltage and heat efficiency (due to the long cup) the 
welding speed is higher than with normal heavily coated 
electrodes. 


NEW type of welding electrode (developed at the 


Introduction 


Electric arc welding, widely employed today, in which 
the electrode supplies the filler metal in the weld, was de- 
veloped by Slavianoff in 1892. At that time direct cur- 
rent only was used, as it was found difficult to prevent 
the arc from being extinguished when using alternating 
current of safe operating voltages. It was not until 
1908, when Kjellberg introduced a coating around the 
electrode, that a.-c. welding became practicable. The 
theory is that electron emission from the coating causes 
the arc to reignite after the zero of the voltage cycle. 
The coating also fulfilled another more important func- 
tion, which was metallurgical in nature. It considerably 
improved the mechanical properties of the filler material, 
which were unsatisfactory when bare rods were used. 
The most modern electrodes have coatings which make 
it possible to impart to the filler mechanical properties 
which are equal to those of the best constructional steels. 

The application of the coating produced a great ad- 
vance both in the use of alternating current for welding 
and in the mechanical properties of the weld, but did 
little in so far as the ease of welding was concerned. As 
a matter of fact, arc welding remained an ‘‘art’’ mastered 
only by arduous training and practiced only by concen- 


* Philips’ Gloeilampenfabrieken, Eindhoven, Holland. 
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trated effort. Originally it had been Kjellberg’s inten- 
tion to impart direction to the drops of molten metal by 
means of the cup formed during the welding process at 
the tip of the electrode. This ‘‘gun-barrel’’ effect made 
overhead welding easier, but did not facilitate welding in 
the down-hand positions, because even though the welder 
could readily check the speed of travel by following the 
slag behind the arc, the melting-down process and the 
melting pool were hidden from view. In the course of 
time, it was found that with one particular type of elec- 
trode welding could be accomplished with the coating 
resting directly on the workpiece (touch welding). 
This greatly reduced the difficulty of maintaining the 
arc. Unfortunately, welds produced with this type of 
electrode exhibited unsatisfactory mechanical properties, 
so that its use was not widespread. Touch welding can 
be accomplished with several other types of heavily 
coated electrodes, especially if relatively high currents 
are used, but some skill is required to prevent the rod 
from “‘freezing.’’ Furthermore, the results are not en- 
tirely satisfactory since the welding bead usually has a 
convex and irregular appearance. 

It was therefore desirable that an electrode be de- 
veloped for touch welding which would give welds of high 
mechanical properties and which would eliminate as far 
as possible the ordinary disadvantages of free arc and of 
touch welding. Such an electrode would make welding 
less fatiguing and would give consistently good results, 
thus-increasing the reliability of welded constructions. 
An inorganic coated electrode, which in Europe is some- 
times called Type 55, was chosen as the starting point for 
this development because it had many splendid proper- 
ties which it was hoped, could be retained while improv- 
ing upon certain features in which it was imperfect. 
Characteristics of the so-called Type 55 electrode are 
as follows: 

(a) The mechanical properties of the filler material 
are superior to those of any other type of ferritic steel 
electrode, particularly the impact value.’ The impact 
value is higher, both at low and high temperatures. 
Figure 1 shows the impact values (measured with 
Charpy impact specimens, 5 x 10 mm.*) of Type 55 
(Curve b) at temperatures from <—70° C. (—94° F.) to 
900° C. (1652° F.), and of another electrode called Type 
50 (Curve a), which is also an inorganic heavily coated 
electrode, known in the U.S.A. as Type E6030. The 
higher impact value at low temperatures is important 
when the welded construction is used at these low tem- 
peratures, cold brittleness being a defect that often is 
not given sufficient consideration. The higher impact 
value at high temperatures is important because it shows 
that the deposited material is less bluebrittle. After 
the weld metal is deposited, it passes the bluebrittleness 
temperature, the last portion to pass through that tem- 
perature being the middle of the bead. This part of the 
weld is the hottest and, consequently the softest, the 
stress being concentrated on just this part.’ As a re- 
sult, when cracks are formed in the deposited metal after 


inter. 

pidly 

cated 

ved 

Stee] 
that 

larly 

n of 

‘ence 

cted 

aling 

bout 
and, 
and 

pre- 

F,, 
F,, 

luce 

‘ical 

e to 

int 

‘ion 

ing 
to 

by 
ore 

Za- 

0° 

nd 
of 

2 


20 

16 | \ 


@ 
58) 


° 


100 O 100 200 400 
ceNTicnase 70 800 


Fig. 1—Impact Values (Charpy Specimen, Breaking Zone 
5 x 10 Mm.?) of the Deposited Metal of Type 50 (Curve a) and 
Type 55 (Curve b) Seseodes at Different Temperatures 


welding, they are formed in the middle of the bead, and 
the interior surface of the crack in many cases shows a 
blue color. Practice in Europe during many years has 
shown that under difficult circumstances Type 55 gives 
welds which are remarkably free of cracks. It is es- 
pecially useful therefore for welding low-alloy steels and 
steels with a high-carbon content. The low oxygen and 
nitrogen content of the deposited metal of Type 55 
probably accounts for the high impact value, and also for 
the good aging properties of this type of electrode.* 


Besides this, Type 55 is not sensitive to sulphur, as is the - 


case with electrodes of Type 50 (E6030), which give very 
porous welds when the sulphur content of the plate is 
0.1% or higher.* 

(6) The reason that the Type 55 electrode is not used 
more universally, in view of the excellent properties re- 
ferred to, is not so much the somewhat higher price, but 
more particularly the welding characteristics which in 
some respects are not as good as that of, for instance, 
Type 50 (E6030). Some reasons for this are as follows: 
if the welder uses too long an arc, porosity may result; 
if a transformer with low open-circuit voltage is used 
(< 60 v.) the arc.may be extinguished; the ‘‘speed”’ 
is not as high as with Type 50 (E6030). 

The first difficulty was immediately overcome by con- 
verting .to touch welding, since in touch welding the 
length of the arc is automatically maintained within de- 
sirable limits by the geometry of the electrode con- 
struction. Methods by which the other difficulties are 
overcome will be discussed in the course of the article. 


Touch Welding 


It is generally known that relatively heavily coated 
electrodes are required for touch welding. If the coat. 
ing is too thin, the cup will be too shallow and the drop- 
lets of molten metal will short circuit and “‘freeze’’ the 
rod to the workpiece. 


Figure 2 shows diagrammatically an instance of touch 
welding wherein the coated electrode is held at an angle 
of 45° to the surface of the work. Assuming that the 
cup is formed at an angle of 45°, touch welding is stil] 
just possible with this type. It is understood that Fig. 2 
only gives a rough representation; for instance, the dig- 
ging effect of the arc which results in a crater under the 
arc, especially with high currents, has not been con- 
sidered. According to Sack®, the ratio of the average 
diameter of the droplet d, with respect to the diameter of 
the core wire d is 0.7 for Type 50. 


Figure 3 illustrates that with Type 48 (similar to 
organic coated electrode E6013) which produces a larger 
droplet and has a thinner coating, there is no possibility 
of touch welding. Increasing the thickness of the coat- 
ing, however, would make it possible. Such a method 
is expensive and the greater quantity of slag will cause 
difficulties during welding. These drawbacks are avoided 
if the coating is made thicker by transferring part of the 
iron from the core, in scattered form, to the coating. 
The ratio of iron to slag may remain constant and the 
thickness of the coating be varied to produce maximum 
effectiveness for use in touch_welding. Figure 5 shows 
a Type 55 electrode the ratie d/d of which is assumed to 
be 0.8, while Fig. 4 shows another electrode of the same 
outer diameter capable of melting down the same weight 
of iron. This electrode, called Contact 15, has half of 
its iron content located in the coating, the outer diameter 
of which is more than twice that of the core, thus forming 
a “supercoatéd”’ electrode. It is evident that freezing 
will not occur when using this electrode. The coating 
cannot be made much heavier, as the core would become 
relatively smaller, and since the current flows through the 
core, the current for a given voltage would be lowered. 


Self Starting 


Referring to Fig. 4, it is seen that the cup of the super- 
coated rod is broad and deep. If it were necessary to 
bring the core wire into contact with the work in order to 
strike the arc, the ignition problem would be troublesome 
because the welder would have to break off a portion of 
the coating. However, it was found possible by ad- 
justing the quantity and distribution of the iron in the 
coating, to make the arc ignite automatically when, the 
coating touches the work; a “‘self-starting’’ feature. 

When the ratio of the amount of iron in the coating to 
the iron in the core is near unity, the conductivity is such 


Fig. 2 Fig. 3 
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Fig. 4 Fig. 5 


Figs. 2, 3, 4 and 5—Diagrammatic Representation of the Possibility of Touch Welding with Different Kind of Electrodes 
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that sparking phenomena will result upon brushing the 
coating over the work. As long as the electrode is moved 
over the work, the current flowing is of the order of 0.1 
amp., but upon immobilizing the electrode the current 
will rise rapidly and at a value of about 1.0 amp. it will 
suddenly pass to an are. Oscillograms reveal the trend 
illustrated in Fig. 6. Usually the arc is ignited within 1 
sec.; in hot condition the ignition is faster. 

Not only is it unnecessary for the welder to bring the 
core into direct contact with the work to produce igni- 
tion, but furthermore, reignition after interruption is 
automatically effected, whether the interruption is in- 
tentional or due to extinguishing occurring when a welding 
transformer with low open-circuit voltage is used. Con- 
tact 15 can therefore be used for touch welding with a 
transformer, the open-circuit voltage of which more 
nearly approaches the arc voltage. 

The conductive coating appears to be advantageous 
for free-arc welding also. For “vertical-up’’ welding 
using a transformer the open-circuit votage of which is 
50 v., it was found that the slightest contact of the deep 
cup and the slag, or pool, was sufficient to prevent ex- 
tinction. 


Contact Arc Welding 


The combination of touch welding and automatic 
striking and restriking has been called “contact arc 
welding,” and the electrodes developed for this tech- 
nique are called Contact electrodes; there being two 


A 


1 sec 


Fig. 6—-Oscillogram of the Current Trend When the Welding 
Arc of the Contact 15 Electrode Is Being Ignited 


types, Contact 15 and Contact 18. Contact 15, with a 
core wire of 5 mm. diameter, for instance (called Contact 
15-5) has a coating which contains the same quantity of 
iron as the core wire. This electrode is equivalent to a 
normally coated electrode with a much heavier core wire, 
the latter containing practically all of the iron. In this 
case the volume of the core wire of the corresponding 
normal electrode must be twice the volume of the 5 mm. 
core wire of the Contact 15 electrode. This means that, 
the length being the same, the diameter of the core wire 
of the normal electrode must be ~/2 times that of the 
Contact electrode; that is, 1/2 X 5 = 7 mm. or between 
'/, and 5/,, in. In the same way it is easy to calculate 
that the Contact 15-3.25 electrode corresponds with 
a normal 4.7-mm. electrode, which is called a */j-in. 
rod if the U.S.A. 


Transformer Requirements 


_ For the small Contact 15 electrodes, the arc voltage 
is only slightly higher than that of the corresponding 
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Fig. 7—Photograph of Holder Specially Developed for Centact 
Arc Welding 


Starting is effected by pushing the button with the thumb, the 
button being locked by a lever (indicated with an arrow in Fig. 7). 
After welding the lever is unlocked, and the button is ready again 
for switching on, the head of the holder being made dead in order 
to receive a new electrode. 


Type55. For the heavier electrodes (5 mm. diameter and 
larger), it is considerably higher. For example, the 3.25- 
mm. diameter electrode has an arc voltage of 25 v. and 
will operate satisfactorily with a transformer, the open- 
circuit voltage of which is approximately 50 v. The 
5-mm. diameter electrode has an arc voltage of 40 v., 
which means that it will not operate satisfactorily with a 
transformer whose open-circuit voltage is less than 70 
v. It can be generally stated that for satisfactory 
operation with this type of electrode the open-circuit 
voltage of the transformer should be about 30 v. higher 
than the are voltage. If the transformers are so de- 
signed, welding will be effected in the steep portion of the 
regulation curve of the transformer and variations in arc 
voltage will have the minimum effect on the arc cur- 
rent. 


Ease of Welding 


The ease of welding with the Contact 15 electrode is re- 
markable. This is because besides permitting touch 
welding it is also self starting; the latter property 
eliminates the annoyance of striking the arc. This is 
particularly so, if the striking must take place on a 


Fig. 8—This Photograph Shows 2 Fillet Welds Made with 
Contact 15-5 in the Flat Position 


The weld shown on the right, which was obtained with direct 
current, has a still finer surface than the left-hand one obtained 
with alternating current. 
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Fig. 9—Overhead Weld, Scr Arc Welded with Contact 


specific point, as may be the case ift tack welding. The 
latter is effected with the utmost simplicity when holders 
with push-button mechanisms are used. The welder 
places the electrode tip on the predetermined point, pulls 
his mask into place and presses the button (Fig. 7). 
Another difficulty which even the most skilled welder ex- 
periences when working in difficult positions is that of 
freezing. Because of the deep and sturdy cup, the core 
wire will always remain at a proper distance from the 
work. The practice of assigning left-handed welders for 
welding from right to left is no longer necessary, for the 
Contact 15 electrode can easily be manipulated ‘‘back- 
hand” or held in the left hand of a right-handed welder. 

In using Contact 15 electrodes the same precautions 
must be taken to prevent the slag running ahead of the 
arc as those necessary when using ordinary electrodes, 
avoiding an irregular appearance of the bead because of 


Fig. 10 (Left) —Welded Vertical Up With the Electrode Contact 


15-3.25 
Fig. 11 (Right)—Welded Vertical Down with Contact 18 


In the case of Fig.10 the free arc was applied, since in this position, 
which always requires weaving, contact arc welding in its simplest 


form is impractical. The open voltage of the welding transformer 
was only 50 v. 


contact |5 


MY 


Figs. 12 and 13—These Diagrams Show That in the Case of 

Contact Electrodes, the Arc Is More Concentrated Than with 

Ordinary Electrodes. As a Result, the Special Form of the 
Penetration Is Obtained 


insufficient coverage of the pool by the slag However, 
in the case of narrow V-grooves, such precautions are 
not needed since a very thick slag layer covers the bead, 
and even though some slag runs ahead, enough of it is 
left to cover the pool. It is well known that slag run- 
ning ahead can cause slag inclusions. No such inclusions 
occur with Contact 15 electrodes, on account of the 
special constitution of the slag. 

In contact arc welding, inorder to control the slag, the 
angle between the electrode and the workpiece should 
not be greater than about 45° in the down-hand posi- 
tions.* In the other positions other factors must be 
considered. 

In practice obstructions may prevent the welder from 
maintaining such an angle. In that case the weld may 
be made from right to left, or made with a free arc, keep- 
ing the slag behind the arc by manipulating in the 
ordinary manner. 


* At small angles spatter will increase and the arc will ‘‘dig’’ less into the 
root of the weld. 


CONTACT 15-5 


200 DOA 


300 
Fig. 14—Connection Between Arc Voltage and Current Inten- 
sity for Contact 15- 
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Fig. 15—On These Sections of Flat Fillet Welds the Root 
Penetration Is Measured, by Means of a Microscope and the 
Measuring Ocular, Under an Angle of 45° with the Axes, 
Starting from the Corner Formed by Drawing 2 Straight Lines 
Along the Plate Rims Until They Intersect 


The current intensities in the cases 1, 2 and 3 were 375, 300 and 
440 amp. respectively, the scale length is 1 cm. 


Practical Applications 


Figure 8 shows the results of two fillet welds made in 
the flat position; the weld on the left was made with a 
Contact 15-5 using 360 amp. alternating current; the one 
on the right (+ pole) using 310 amp. direct current. 

Another common position is the horizontal position. 
Contact 15 electrodes, up to and including 4 mm. core 
diameter can be used. Fillet welds made with Contact 
15-5 and heavier will be, under these conditions, strongly 
convex in form, the molten pool being too large. 

One of the most remarkable improvements afforded by 
the use of the Contact 15 electrode is the ease with which 
welding in the overhead position is accomplished. This 
is considered the most difficult welding position and as 
far as is known to us touch welding has never been suc- 
cessfully accomplished in this position before. Figure 9 
is a photograph of an overhead weld made with a Contact 
15-3.25 electrode using 140 amp. direct current (+ pole). 

Welders often prefer to use the free- arc when welding 
overhead, to improve the appearance, or to broaden the 
weld by weaving. The deep cup of the Contact 15 elec- 
trode is advantageous in this case since less material is 
allowed to fall (gun-barrel effect). While electrodes 
up to and including 4 mm. diameter give excellent re- 
sults, those larger than 4 mm. diameter are unsuited for 
overhead welding because the pool becomes too large. 
The purpose of contact arc welding is to make welding 
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Fig. 16—The Connection as Found from the Foregoing Figure 
Between the Root Penetration b in Millimeters and the Current 
Intensity Applied in the Case of Contact 15-5. 
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as easy as possible. The maximum ease results when the 


hand of the welder moves in a straight line toward the 
workpiece, the angle between electrode and workpiece 
being kept constant and the electrode remaining in con- 
tact with the work. Therefore weaving, although pos- 
sible with contact arc welding, should be eliminated in 
most cases. In V-butt welds electrodes of increasing 
diameters can be used for the successive layers, or two or 
more layers can be beaded using electrodes of the same 
diameter. 

There is one welding position in which the condition 
of the straight-line motion cannot be met, this being the 
vertical-up position. In this position the free arc is 
used with an oscillating motion. For this position, the 
Contact 15 electrode can be used quite well using the free 
arc. Figure 10 illustrates a weld made in this manner. 

In the case of contact arc welding in the vertical-down 
position, the Contact 15 electrode generally gives rise to 
an excessive amount of slag, which is difficult to keep 
above the arc. If the slag is allowed to run down it will 
push the are aside and causes faults in the weld. An 
electrode for contact arc welding having a different and, 
partly organic coating, has been developed for welding in 
the vertical-down position. This coating is much thin- 


Fig. 17—Section of a V-Butt Weld with an Angle of 40°, Plates 
17 Mm. Thick, Opening 3 Mm., and Iron Backing Strip of 


3-Mm. Thickness 
For the first layer Contact 15-5 was used with 375 amp. alternating 
current; for the second layer Contact 15-6 with 490 amp. alter- 


nating current. The backing strip was removed after welding. 


ner and the nonferrous materials form a rapidly solidify- 
ing slag. As is the case with Contact 15, this additional 
contact electrode (called Contact 18, formerly 48C) is 
also suited for both d.-c. (+ pole) and a.-c. welding 
Figure 11 shows a weld made with this electrode. 

An important feature of the Contact 18 electrode is 
underwater welding, giving remarkably good results 
(direct current with negative pole). The advantages of 
contact are welding are especially valuable under water 
because the welder cannot see his arc, and therefore, 
touch welding in combination with self starting (avoiding 
the difficulty of striking the arc under water) offers a good 
solution to the problem. The Contact 18 electrode gives 
good results because the organic coating material pro- 
duces a gas bubble around the arc, the welding actually 
being done in this shielding gas atmosphere. The gap 
between the cup and the plate in contact arc welding is 
smaller than in free arc welding. This assists in shield- 
ing the arc from the water. 

Up to the present, welding with high currents, (some- 
times called welding’), accomplished with elec- 
trodes exceeding 7 mm. diameter, using currents in ex- 
cess of 600 amp., has not been much in favor for the 
following reasons: 


1. Handling of heavy electrodes is fatiguing. 

2. Very heavy spatter occurs. 

3. Heat radiation is troublesome, especially in hot 
weather. 

4. Undercut may occur. 
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Fig. 18—Photograph of Fillet Welds, Made in the Flat Position at the Same Current Intensity with Type 55-7 (No. 59) and Contact 
15-5 (No. 76), Respectively 
Under Fig. 9 of No. 59 the undercut is clearly shown, whereas No. 76 does not show the slightest fault. 


Fatigue is greatly reduced by contact arc welding as Since the core wire is small (Fig. 12) the arc is more 
the electrode rests on the work. The spatter is alsocon- concentrated, and the digging effect of the arc, which is 
siderably reduced because of the shielding effect of the the result of forces acting on the drops (see Sack, loc. 
deep cup. Tests showed spatter losses less than '/; of  cit., 5), will cause deeper penetration in the center. The 
{ those obtained with ordinary free arc welding. The longer cup will also direct the drops and result in less 
iy ye screening action of the cup also lowers the direct heat spatter. Since the heat is concentrated in the center, 
7m ee radiation from the arc. However, the greater part of penetration is shallow at the sides (compare Figs. 12 
 % the radiation emanates from the work and naturally can- and-13). 
not be reduced by changing the electrode. Finally, the In most welds the particular form of penetration is of 
remarkable form of the penetration, to be discussed great importance for the following reasons: 
later in this article, eliminates the disadvantage of (a) Such penetration in the center makes it possible 
undercut. in the flat position to deposit the first layer with a Con- 

In general, it may be expected that with Contact 15 tact 15 electrode of heavier diameter, e.g., directly with 
electrodes fewer faults will be made by the welder, such Contact 15-5, rather than with a rod of small diameter. 
as porosity resulting from too long an arc. It may thus This results in fewer layers and shorter welding time. 
be possible in the future to reduce the amount of quality It should be observed here that for the Contact 15 elec- 


ak . control of welded constructions. trodes the arc voltage very much depends on the current 
ek intensity. Figure 14 shows the connection between arc 
Mechanical Properties voltage and current intensity with Contact 15-5. 


Figure 15 shows the depth of penetration for fillet 

The mechanical properties of the filler material of Con- welds on two 12-mm. plates, made in the flat position, 

tact 15 electrodes are as high as those of Type 55. The #4 Fig. trey shows oe the depth of root penetration 

impact strength is about 100 ft.-Ib. (Izod), the tensile Y@ties with current intensity. _ ; 

strength about 70,000 psi., the yield point about 60,000 tee Contact ted 

- psi. and the elongation (on 5d) about 32%, all in the . S54 (lowe site electrodes KD, developed in Russia; Vestnik ing. i. techn., 

as-welded condition. The fact that with contact elec- : ' 

trodes the arc is surrounded to a large extent by the long 

cup, accounts for a smaller absorption of oxygen and 
nitrogen from the air. 


Form of the Penetration 


The unusual form of the penetration obtained with 
these electrodes was first noticed with a heavy Contact 15 
electrode. The most striking feature is the fact that the 
penetration is very deep in the center and shallow at the 
edges. The increased depth can be accounted for by 
the fact that the arc voltages of the heavier diameters of 
Contact 15 electrodes are considerably higher than those 
of, other corresponding electrodes, it being generally - 
known that electrodes which produce deep penetration Fig. 19—Sections of the Fillet Welds of Fig. 18 
(such as the ‘‘high-organic”’ type in the U.S.A.) have high In 76d, welded with Contact 15-5, the root Lalleaaianes appears 
arc voltages. to be 1.5 mm. deeper; the scale length is again 1 cm. 
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In the case of V-butt welds the first layer can also be 
made by a larger electrode and a heavier current than 
with the usual welding electrodes. Figure 17 shows a 
section of such a weld with an angle of 40°, between two 
plates 17 mm. thick, welded in only two layers with 
Contacts 15-5 and 15-6. . 

(b) The shallow penetration at the sides accounts for 
the fact that, even when using the heaviest Contact 15 
and the highest current intensities, no undercut is found. 
It is well known that undercut is one of the difficulties 
encountered with the usual electrodes with high current 
intensities. ‘ 

Figure 18 shows corner welds in the flat position made 
with Type 55-7 (No. 59) and with Contact 15-5 (No. 76), 
welded with alternating current of 375 amp., 30 v. and 
375 amp., 42 v., respectively. With No. 59 the under- 
cut is clearly visible (this can be seen below the No. 9 
in the figure). Figure 19 shows two sections taken from 
these welds; for Contact 15-5 (No. 76d) the root pene- 
tration is about 1.5mm. deeper than for Type 55-7 
(No. 598). 

Summarizing (a) and (b), it may be seen that the form 
of the penetration, as found particularly for Contact 15-5 
and heavier, is by far preferable to that of the usual 
electrodes. 


Greater Welding Speed 


As already stated, the are voltage of Contact 15, es- 
pecially 5 mm. and heavier, is higher than that of the 
corresponding Type 55. 

The heat efficiency of Contact 15 is also higher. This 
is because of the long iron-containing cup which sur- 
rounds the arc to a greater extent than in the case of the 
normal electrodes. Owing to this, the heat of the arc is 
used more efficiently, the radiation losses from the arc 
being reduced. 

Both these facts account for a considerably higher 
welding speed with Contact 15 electrodes. 

As an average of a great number of determinations it 
was found that Contact 15-5 is about 50% faster than 
Type 55-7 for the same current. These diameters of 
both types are particularly suited for comparative tests 
because they contain the same amount of iron and slag, 


Fig. 20—Sketch of a Semiautomatic Machine for Contact Arc 
Welding 


A is the ground plate on which, near B, the guiding rod C can 
be adjusted to the desired angle. Sleeve D slides along C, while 
the electrode holder can be adjusted to the desired direction b 
means of £. During welding, D will glide downward along rad 
the angle EFG under which welding is effected remaining constant. 
The weld is made along the straight line FG, until the welding rod 
is exhausted, i.e., when the end of the electrode which is fixed in 
the holder H has reached point G. 
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Fig. 21—Photograph of the Semiautomatic Machine, Ready for 
Welding 


and the maximum current is the same for both types. 
Table 1 gives the average of the results. 


‘ Table | 
Electrode Contact 15-5 Type 55-7 
Current, amp. (a.-c.) 375 375 
Arc voltage, v. 2 30 
Milligrams of iron per sec. 1700 1150 
Milligrams of iron per amp. sec. 4.5 3.1 


Distortion 


The smaller number of layers required for obtaining a 
given welding height, plus the greater welding speed, 
according to published data, results in less distortion. 
Measurements along this line are in progress and will be 
published in a future article. The importance of re- 
ducing distortion in welded constructions need not be 
stressed. 


Electrode Holders 


As a result of the fact that the core wire of the C*- 
electrodes has a relatively smaller diameter, the ends of 
these electrodes will become red hot sooner during the 
welding process. The highest possible current intensity 
for an electrode will often depend on this, particularly 
with the smaller sizes. With the heavier electrodes 
other limiting factors play a part (regular surface appear- 
ance of the weld, etc.). Although the heavy coating of 
the C*-electrodes absorbs much heat, a Type 55-4, for 
instance, will stand a higher current intensity than a Con- 
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tact 15-3.25 (about 180 amp. as compared with about 
160 amp.). Of course the diffusion of heat into the heavy 
coating will not exist at the bare end near the top of the 
electrode and this is the reason why, with C*-electrodes, 
using high currents, the holder must always be clamped 
as close as possible to the coating. The holder should 
have a fairly high heat capacity and heat conductivity. 
For this reason, the head of the special holder with push 
button shown in Fig. 7 is made of a small block of cop- 
per, the electrode being secured by screwing the handle. 

Since the coating of the contact arc-welding electrodes 
is conductive, it is especially desirable when using alter- 
nating current that the welder be protected from the 
voltage by using gloves on both hands, or a special insu- 
lated type of holder (Fig. 7), or a welding transformer 
equipped with a voltage relay. The electrodes can also 
be supplied with a thin insulating layer if desired. 


Use of Contact Electrodes in Semiautomatic Welding 
Machines 


Automatic welding machines ordinarily have an elec- 
tric regulating device to keep the arc length constant. 
Whiten using contact electrodes such a regulating device 
is not necessary, since the arc length is regulated by the 
length of the cup, the latter remaining automatically 
constant. Hence the construction of a welding machine 
can be simplified. An additional advantage with con- 
tact electrodes is that they are self starting, so that 
striking the arc by means of a metal sponge or in another 
manner is unnecessary. 

If only one electrode is to be welded automatically, as 
may be the case when testing, or for laboratory purposes, 
no special device for moving the electrode is needed, the 
movement being effected by gravity. The semiauto- 
matic machine shown in Fig. 20 is somewhat similar, as 
regards simplicity of construction, to the Silin apparatus® 
and to that of the Kama-Verfahren’ and that of Madsen.® 
Along a support bar C runs sleeve D, insulated from C. 
On the movable assembly E are secured the current sup- 
ply and the electrode HF, the angle of the latter being 


* Contact Electrodes. 


adjustable. The angle between the support bar C anq 
the ground plate A is also adjustable. The advantage 
of this arrangement is that, while the angle between the 
electrode and the workpiece is kept constant at about 
45°, the welding length GF can be varied. This welding 
length is obtained by drawing a dotted line, HG in the 
figure, parallel to the support bar C; the line GF then 
representing the welding length. 

To shorten the welding length the angle ABC is jn- 
creased and the angle HEA decreased, the support bar 
C being set in a steeper position. The line GF will then 
be shorter, indicating a shorter welding length. 

Figure 21 shows the semiautomatic welding machine 
ready to make a “‘flat position’ weld. The apparatus is 
also suited for other welding positions; for instance, it 
can be used for fillet welds. For this purpose the sup- 
port bar C is turned in such a manner that the plane 
BDF makes an angle of 45° with the horizontal plane. 
In this case sleeve D is drawn in the direction of B by 
means of a cord, two small pulleys and a weight. The 
fillet weld must lie along the horizontal line GF. This 
semiautomatic miachine may also be used for overhead 
welding. 
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DeForest Brittle Temperature 


Summary 


HE work described is concerned with 

locating the ductile-brittle transition 
temperature of a given material for a given 
load velocity and specimen constraint. 
The importance of this is to determine if a 
material at low temperature is unusually 
brittle or unusually ductile. The test 
method is that of- observing for a given 
notched specimen in bending the plastic 
deformation of a load-deflection record. 
Automatic plots of load and deflection are 
used and insure obtaining these tempera- 
tures accurately. Materials tested in- 
clude welded and unwelded nonkilled ship 
plate, mild steel, silicon-killed Navy high- 
tensile steel, wrought iron and others. 

Comparison of transition temperatures 
in various parts of two double V-welded 
ship plates of nonkilled steel show that the 
deposited weld material at the weld center 
is far superior to the adjacent base plate 
material and is slightly better than any un- 
welded nonkilled ship plate tested to date. 
In these two welds the base material 1 in. 
from the weld center, the most brittle ma- 
terial, has 100° F. higher transition tem- 
perature and the material 5 in. from the 
weld center has 60° F. higher transition 
temperature than the deposited material 
at the center of the-weld. 

The report also includes the effect on 
transition temperature for the case of un- 
welded nonkilled ship plate of different 
notch radii or different degrees of con- 
straint. 


Introduction 


There has been a gradual change in the 
attitude of many in fields allied with weld- 
ing to regard the study of the brittleness of 
materials as a very important compliment 
to the strength of materials. Knowledge 
of tensile strength alone does not indicate 
how much energy a material can absorb 
before failure. In welding, the ability to 
flow and adjust at local points is a measure 
of the satisfaction and life of a weld. A 
brittle weld will snap at the slightest over- 
load, whereas a ductile weld will adjust 
itself again and again at points of stress 
concentration without harm. 

_ Industrialists have for a long time real- 
ized one or all of the factors involved in the 
brittle behavior of materials. In their 
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Fig. 1—Effect of Temperature, ‘Rate of 
Loading and Transverse Stresses on the 
Type of Failure 
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everyday experiences some have even gone 
so far as to make quantitative allowances 
for these factors. They have realized that 
ship plate, for instance, when unnotched 
and without flaws is ductile down to ex- 
tremely low temperatures and at most 
rates of loading. They have also realized 
that when this same ship plate is mildly 
notched it probably would be ductile even 
at low temperatures except when tested 
at fairly high loading velocity. Further, 
they know that when this same plate is 
severely notched by a weld crack that 
even at moderate rates of loading, as for 
example, the case of a vessel at sea, brittle- 
ness occurs at but moderately low temper- 
atures. It is the relation of these various 
bits of knowledge grasped intuitively by 
so many and suspected by numerous 
others that is the subject of this paper. 
The logical and scientific evaluation of all 
factors concerned will be presented. 

The factors that explain brittleness in 
the field of materials are three in number 
in addition to the material itself, namely: 
temperature, speed of loading and con- 
straint. The last factor is spoken of in a 
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variety of ways such as transverse stress, 
triaxiality, geometrically generated in- 
ternal stress, size effect, notch effect, 
severity of notch, width or thickness 
effect and perhaps others. These factors 
have been very carefully presented previ- 
ously in the literature* but will probably 
stand repetition. Figure 1 from Zener 
and Hollomon*® gives a qualitative pic- 
ture of the whole subject of ductility and 
brittleness. Here energy is plotted as a 
function of temperature and then plotted 
as a function of rate of loading and lastly 
as a function of transverse stress with, of 
course, in each case the other two of these 
three variables plotted as abscissae being 
held constant. It is evident that with 
speed and constraint held constant, en- 
ergy of rupture first indicates ductility and 
then as the temperature is lowered a 
marked transition and finally brittleness or 
small energy. If now the speed is changed 
and temperature and constraint are held 
constant for a series of tests, the same 
change from ductile to brittle energy can 
be produced; here increasing the speed 
causes this transition from ductile to 
brittle material. Lastly, if temperature 
and speed are held constant and energy of 
rupture is plotted versus constaint, the 
same phenomena occur; increasing the 
constraint causes this transition from duc- 
tile to brittle behavior. Summarizing, it 
can be said that change in any one of the 
three factors, temperature, speed or con- 
straint, with the other two being held con- 
stant, will produce identical results, that is, 
will cause a change from a ductile failure 
of large energy to a brittle failure of very 
small energy. 


Scope of Present Investigation 


The de Forest Brittle Temperature Re- 
search deals with a very small part of the 
brittleness in materials and weldments. 
It is an investigation whose purpose is to 
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Fig. 3—Recorder and Open Test Cabinet 


locate the transition zone between ductile 
and brittle failure. The exact location of 
this zone for each part of a weld is of spe- 
cialimportance. Each test probes the duc- 
tility or brittleness of a test specimen by 


Table 1—Chemical Analyses of Materials Tested 


Material Spee. © Mn Si 


Weld Deposit Material 


- Beth. Hand Weld HAl 8456 221 
Beth. Hand Weld HC(W) .09 .68 .27 


S Mt & Mo Al 


2016 .0460 (Weld Metal Analysis) 
0026 .018 .06 .06 <.01 .02 


Welded Ship Plate Material 


Beth. Hand Weld HA6 
Beth. Hand Weld HC 223 «48 203 


2014 2034 02 206 201 203 
0036 .02 .07 <.01 .01 


Unwelded Ship Plate Material 


Ship Plate B BS 8.47 414 
Ship Plate C cl 220 249 .08 
Ship Plate C cs 249 207 
Ship Plate D, 16 1A7 420 .52 .08 


Ship Plate D, 18 1D4 220 254 .09 
Ship Plate D, 21 2a9 220 «51 .08 
Ship Plate D, 21 2Bl .19 .60 .09 


FB Wr. Ipon FBl 003 <210 20 
FM Wr. Iron FM1 204 £210 
F2 Wr. Iron P2A 204 4.10 e21 
WI Wr. Iron e003 <.10 .08 
8S Mild Steel s1 225 .09 
MO, Moly. Iron MOl .09 
#454 mild steel 220 234 .01 


#471 Navy high tensile .15 1.12 .29 
#504 Navy high tensile .16 1.21 .25 


observing the load deflection curve in 
bending. 


Test Method 


The method used at M.I.T. to deter- 
mine for a particular material and con- 
straint or size of notch the relation of the 
remaining two factors, temperature and 
speed, was to apply a central bending load 
at a constant rate and at a constant tem- 
perature to a 6- x 1- x 1-in. notched bar 
and from an automatic plot of .load versus 
deflection to observe the ductility or brit- 
tleness. If the plot of load and deforma- 
tion had considerable plastic deformation 
indicating a ductile material, the test was 
stopped since in this investigation it was 
not desired to find the energy torupture but 
to find the point where fracture would occur 
after but a trace of plastic deformation. 
Thereafter, the same specimen would be 
run at the same speed but at a lower tem- 
perature; this would be repeated again and 
again, each time at a lower temperature 
until failure occurred with a very small 
amount of plastic deformation. A specimen 
tested as described was used as a guide. 
Thereafter, two similar specimens were 
tested at the same speed but at such tem- 
perature as to fail the first time with this 
trace of yielding. In this way any argu- 
ments as to errors from previous cold wor 
when a specimen was tested several times 
could be dispensed with. The temperatur¢ 
for these last two specimens is taken as the 
brittle transition temperature for the 
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0026 .007 .02 .06 .01 .02 .01 
e035 .009 .05 .13 .05 .01 
e035 2.009 .05 .15 .01 .05 .01 
e030 .010 .05 .06 <.01 .02 202 
0029 2018 .06 .06 <.01 .02 .02 
e028 .013 .05 .04 <.01 .02 .01 
0028 .04 <.01 .02 .02 
Other Materials Investigated 
254 .02 <01 <.01 
0036 2259 .01 .01 «401 £01 .02 
0045 2167 .01 .08 401 <.01 
e006 4.086 .02 .03 .29 .02 
2048 .06 .11 <01 .02 
0007 «104 .03 .05 .30 <.01 202 
2019 2009 017 00S 2.04 .009 
; | 2020 2020, 212 202 05 2010 
2029 4.050 .05 .03 .010 
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Fig. 4—Close-Up of Specimen Section 


given test velocity and specimen con- 
straint. 


Apparatus 


The apparatus used for making the 
tests described is shown by the photo- 
graphs of Figs. 2,3 and 4. Figure 2 is an 
over-all view of the load-deflection appa- 
ratus consisting of an Aminco low-temper- 
ature cabinet housing three load-deflec- 
tion machines, an electronic recorder and a 
variable speed drive. Figure 3 shows the 
cabinet opened up for the insertion of spe- 
cimen plus the electronic recorder. Figure 
4 shows a close-up view of the interior of 
the test cabinet where are located speci- 
mens, gages and thermocouples. Speed 
of testing has ranged from '/1» sec. to yield 
to 20 min. to yield. Temperatures used 
range from room temperature to —280° F. 
Dry ice and liquid oxygen are used for 
cooling. Figure 5 shows the electrical 


connections between the panels of the 
electronic recorder. Four type AB-7 SR-4 
strain gages were used on each of the 
three load gages and each of the three de- 
flectometers contained inside the cold box. 


Test Records 


A typical set of load-deflection records 
obtained with the test apparatus for a 
guide specimen is shown in Fig. 6. Spe- 
cimen 2C9 is here shown tested at 72, 
—50, —100 and —130° F. Previous to 
the run the calibrated network of cross 
lines was exposed on the negative. Care- 
ful inspection of the load-deflection trace 
will indicate bright spots at regular inter- 
vals resulting from the Z axis or time axis 
of the recorder. Improved Z axis dots may 
be observed in Fig. 27 of the appendices. 
The slight valley in the yield portion of 
traces is a result of the operating lever 
hitting a stop which is set to limit the 


plastic deformation to a small amount. 
The apparatus used in this investigation is 
patterned roughly after apparatus used at 
the Watertown Arsenal by Hollomon and 
Zener,” with a few changes made to fit the 
particular test conditions. 


Specimens 


The numerous types of specimens used 
are shown in Fig. 23 of the appendices. 
For the most part a '/:-in. deep, 0.01 in. R, 
45° V notch illustrated as Type I was 
used. This type of specimen was used 
throughout the investigation to determine 
the difference in materials and to survey 
the change in going from the center of a 
weld through the heat-affected zone out to 
the base plate. Constraint or size effect 
was studied by comparing results of Type 
I specimen on a given material with Type 
V,a'/s in. R, '/, in. deep notch specimen 
and with Type VI, a '/, in. R, */¢ in. deep 
notch specimen. 


Materials Tested 


A complete set of chemical analyses for 
all specimens tested is shown in Table 1 of 
the appendices. Materials tested include 
tests on nonkilled welded ship plates HA 
and HC, the welding procedure for which 
is included in the appendices, tests on non- 
killed ship plate C, nonkilled ship plate 
D, wrought iron, molybdenum iron, mild 
steel S, Type 454 mild cteel, Types 471 
and 504 silicon-killed Navy high-tensile 
steels, the last three of which were sub- 
mitted from N.R.L. Nonkilled ship plate 
D was used for studying constraint or size 
effect and also the effect of heat treatment 
as shown in the appendices since it was 
tested as-received and after normalizing at 
1600, 1800 and 2100° F. for */: hr., each 
followed by '/, hr. at 1300° F. and air 
cooled. 


Results in General 


The results for the materials tested are 
shown as plots of the relation of the veloc- 
ity and a function of the transition tem- 
perature. Each such curve is for a particu- 
lar constraint which herein usually refers 
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Fig. 5—A.-C. Bridge Electronic Recorder Panel Connections 
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to radius of notch. In order to obtain 
straight lines for this velocity-temperature 
relation the log of the deflectometer velo- 
city, log D4, is plotted against the recip- 
rocal of the transition temperature be- 
tween ductile and brittle failure in degrees 
Fahrenheit absolute, 1/T. 

The theory for the relation of tempera- 
ture and velocity in testing has been well 
covered in the literature?» 15, 
16-18, 20-22 and so will not be taken up here. 
Suffice to say that below room tempera- 
ture the relations of temperature and ve- 
locity are of the form: 


velocity v = ke~Q/RT 


Inv = C —Q/RT 


where Q is the heat of activation of the 
material, R is the molal gas constant, T is 
the absolute temperature of testing. The 
second equation shows this straight line 


relation on the log Da versus 1/T graph. 
Other laboratories as well as this one have 
checked the validity of the straight line for 
below room temperatures. This report 
uses this straight line plot of velocity ver- 
sus temperature in the following manner: 
a material which has its vel.-temp. curve 
closest to the lower left-hand corner is a 
poor material in that it has high transition 
temperatures, while aematerial which has 
its curve closest to the upper right-hand 
corner is a good material in that it has low 
transition temperatures, comparisons be- 
ing made, of course, for a given constraint 
and velocity. Figures 8 through 22 show 
these velocity-temperature relations for 
all the material tested during the past 
year. In the following discussion it will 
be understood that ductile or good material 
means @ low transition temperature, while 
brittle or poor material means a high tran- 
sition temperature for a given velocity and 
constraint. 


Results for Welded Nonkilled Ship Plate 


Figures 8, 9 and 10 show the results of 
the survey on the Bethlehem hand-welded 
nonkilled ship plates HA and HC. It will 
be noted that for this nonkilled ship plate 
material how the metal becomes brittle 
as the notch is placed further and further 
from the weld center up to 1 in. away and 
thereafter as in the case of plate HC be- 
comes more ductile although it never again 
approaches the quality of the deposited 
metal at the weld center. A summary of 
these three figures for a specific deflectom- 
eter speed of 0.2 in. per second, which is 
close to the speed at which most tests 
were made, is shown in Fig. 7. The differ- 
ence between the two curves for plate HA 
is almost entirely explained by the differ- 
ence in notch depth, the Type J, specimens 
are '/, in. deep to survey material at the 
center of the plate, while the Type X » spe- 
cimens are only '/s; in. deep to survey the 
upper material. However, each curve 
tells the same relative story, i.e., that the 
deposited weld metal at the center of the 
weld is ductile, the nonkilled ship plate 1 
in. away is brittle and the nonkilled ma- 
terial as for the case of HC 4 to 5 in. away 
is of intermediate quality. On the aver- 
age the loss of ductility from center to the 
l-in. point is indicated by a 100° F. rise 
in transition temperature, while the gain 
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after that point out to the 5-in. point for 
plate HC is indicated by a drop in the 
transition temperature of 40° F. In gen- 
eral, a satisfactory weld would give a curve 
in Fig. 7 entirely below —50° F. with 
peaks at a minimum. 

The importance of the results as indi- 
cated by Fig. 7 cannot be overemphasized. 
Here is clearly shown that there is a very 
large difference between the transition 
temperatures of the material at various 
parts of the welded plate, the deposited 
metal at the center being of excellent duc- 
tility while the base plate 1 in. away for 
this nonkilled ship plate is very brittle. 
A glance at specimens Type J» and Xy of 
Fig. 23 shows the bad point to be out of 
the zone of weld deposit material; clearly 
this l-in. point can no longer be consid- 
ered out of the heat-affected zone. Ex- 
planations by mechanical engineers and 
metallurgists will have to be advanced, 
methods to improve this condition will 
have to be found. Quite probably both 
theorizing and experimenting will help 
the solution. Microscopic study ought to 
be of immense aid. During the coming 
year it will be the full-time job of this 


laboratory with the present method to 
survey point-by-point welds made under 
various welding techniques and made on 
various baseplates in the attempt to fing 
a weld with a curve lower down than 
those of Fig. 7. 

To date one possible explanation for the 
bad material at the 1-in. point has been 
advanced by Dr. A. B. Kinzel, namely 
that it is the point of critical strain aging 
Other explanations on this point will be 
very interesting to consider. 


Results for Unwelded Nonkilled Ship Plate 


Figures 11, 12, 13 and 14 show the ve- 
locity-temperature relations for nonkilled 
ship plate D specimens with 0.01 in. R, 
1/, in. deep V notches for various heat 
treatments and as-received. It was 
thought to study constraint or size effect 
by having the distance from the root of the 
notch to the top of the specimen reduced 
in machining. Note in Fig. 23 the change 
in going from specimen Type I to IT and 
then to III. However, experimental re- 
sults and recent calculations indicated this 
change of constraint to be so small as to 


Table 2 


Type 
Material Specimen 


at Da=1"/sec. 


Vel.-Temp Slope 
cal/g-mol 


Trans. Temp. 


A. Type I or XI Specimens, .O01"R, 1/2" deep, 45° V_ notch 


1. Welded Ship Plate Material 


Weld HA Iw at & 
Weld HA Iw 1" fr. ¢ 
Weld HC Iw at ¢ 
Weld HC Iw 1" fr. ¢ 
Weld HC Iw 44" fr. ¢ 


2. Unwelded Ship Plate Material 


Ship Plate D, As Recs I 


Ship Plate D, 1600P I 
Ship Plate D, 1800F I 
Ship Plate D, 2100F I 


Ship Plate C, As Rec. I & XI 
3. Other Materials 


454 mild steel I 
471 Navy high tensile I 
504 Navy high tensile I 
x 
x 
x 


Wrought Iron I 
MO, Moly. Iron I 
8, Mild Steel I 


B. Type V Specimen, 1/8"R, 1/4" deep. 


1. Unwelded Ship Plate Material 


Ship Plate D, 1600F v 
Ship Plate D, 1800P Vv 
Ship Plate D, 2100F Vv 


C. Type VI Specimen 4"R 16" deep. 


1. Unwelded Ship Plate Material 


Ship Plate D, 1600PF vI 
Ship Plate D, 1800F VI 
Ship Plate D, 2100PF vI 


-70F 7700 
445P 7700 
-50P 7700 
¢60F 9700 

12000 
7700 
-70F 5600 
=-50P 5500 
-40F 5400 
-20P 8600 

+5P 9400 
6900 
-55F 5400 
~-50P 12000 
13000 
19600 

-210P 6500 

-220F 6500 

-120P 6700 

-240F 5500 

~275F 5400 

-200F 5300 


D. Type IX and X Specimens, .01"R, 1/8" deep, 45° V notch. 


1. Welded Ship Plate Material 


Weld HA X t 
wifi et 


Weld HA Xw Te 
2. Unwelded Ship Plate iaberiai 
Ship Plate C, As Rec. & -30F 7300 
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No 2C9 


Z axis 


72F 
76/sec. 


Lodd 
Lbs. 


Defl, Inches 


Na2C9 1-10-46 
Z 76/sec. 


Load 
Lbs 


O Defi, Inches 
Fig 6--Load Deflection Records; Triple L-D Testing Machine with Electronic Recorder 


be beyond the accuracy of the test pro- 
cedure. Figures 15, 16 and 17 show the 
next step in studying size effect, namely, 
that of introducing considerably larger 
changes in constraint by going from a ra- 
dius of 0.01 in. of specimen Type I to 
'/sin. R of Type V and then to '/, in. R of 
specimen Type VI. 

The effect on transition temperatures 
of the different size of notch is quite 
marked and in the order that has been 
experienced and observed by people pre- 
vious to this report, that is, that a small 
radius of netch gives high constraint and 
therefore raises the transition temp<ra- 
ture. From Figs. 15, 16 and 17 the raise 
in the transition temperature at a given 
speed for a change from a '/, in. R, '/j in. 
deep notch to a 0.01 in. R, '/2 in. deep 
notch is on the average about 150° F. 
With our present knowledge we do not 
know how to evaluate this constraint 
quantitatively. It was hoped that by 
plotting the transition temperatures for a 
given material against the true strain rate 
at the base of the notch that the results 
for the different size notches would fall on 
the same straight line. The usual method 
for calculating the true strain rate at the 
base of the notch is to multiply the strain 
rate of the unnotched test bar by a stress 
concentration factor for the given notch. 
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No2C9 1-10-46 


Z axis 76/ sec. 


3600 


O Inches 


No 2C9 


Z axis 


76 /sec. 


_ Defi, Inches 


.06” 


Stress concentration factors may be seen 
in Table 3 to be 10.7 for Type I specimen, 
2.9 for Type V and 1.7 for Type VI spe- 
cimen. This type of strain rate correction 
accounted for only about '/, of the differ- 
ence between the curves for Type I and VI 
curves to take a specific case. This indi- 
cates that the relation of the principal 
stresses needs to be taken into account 
much more carefully and thoroughly be- 
fore the constraint effect can be predicted 
in changing from one notch to another. 
In some preliminary reports this labora- 
tory has shown transition temperatures 
for a 0.001 in. R notch as calculated trom 
results of 0.01 in. R notch merely by cor- 
rection for strain rate at base of notch. 
This procedure appears inadequate and 
will be discontinued until further work can 
be done on the subject. 

Figure 18 is a summary showing com- 
parisons of deposited weld metal and for 
welded and unwelded nonkilled ship plate 
material for the constraint exemplified by 
Type I specimen, i.e., a specimen with a 
0.01 in. R, 1/2 in. deep notch. Plate B re- 
sults were taken from a previous investi- 
gation.* The velocity temperature curves 
for the nonkilled ship plates B, C and D 
are roughly parallel and lie fairly close 
together. This figure again brings out the 
superiority of the weld deposit material 
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over the nonkilled ship plate material 1 in. 
from the weld center and the increase in 
quality of the ship plate in going from the 
1- to the 5-in. point. It is to be noted 
that the material 4.5 in. from the weld 
center is still not of the quality of the un- 
welded nonkilled plates, B, Cand D. An 
interesting observation is that the deposit 
metal approaches the quality of the nor- 
malized nonkilled ship plate material of 
plate D. 

Figure 19 shows some comparisons on 
plate C of the effect of notch depth and 
type of specimen, whether round or square 
in cross section. The results indicate that 
Types I and XI specimens are very similar 
and that Types IX and X specimens are 
substantially the same. The difference 
in these two curves in Fig. 19 is in the order 
that would be expected, namely, that the 
deeper notches have higher transition 
temperatures. Figure 23 of the appendices 
will show the exact dimensions of the spe- 
cimens. 


Results for Other Material Tested 


Figure 20 shows the velocity-tempera- 
ture relation of various wrought iron spe- 
cimens submitted by Denver and Rio 
Grande Western R.R. Insufficient spe- 
cimens of any one kind and only relatively 
small differences in transition temperatures 
between the various lots of wrought iron 
suggested the plotting of only one curve. 
Figure 21 shows the plots for molybde- 
num iron and mild steel specimens from 
the same company. Again the dearth of 
specimens and small differences give some- 
what unsatisfactory conclusions. In these 
two figures it was necessary to use the 
guide specimen in plotting, this being con- 
trary to the usual policy of the laboratory 
of discarding the guide specimen. 

Figure 22 shows the results of No. 454 
mild steel, and No. 471 and No. 504 silicon- 
killed Navy high-tensile steels submitted 
by N.R.L. The 504 material appears the 
most ductile and the 454 the least with the 
471 material intermediate, that is, 504 had 
the lowest transition temperatures for a 
given velocity while 454 had the highest. 
This is the same order of transition tem- 
peratures found by C. E. Jackson with 
standard Charpy impact tests. He found 
transition temperatures of —25, +38 and 
+65 F., respectively. 

It must be remembered that velocity- 
transition temperature curves are all of 
relative nature. Various size notches shift 
the curves up or down the temperature 
scale for the same deflection speeds as has 
been shown in the diagrams of Figs. 15, 16 
and 17. As yet there has been nothing 
done to try to represent a particular con- 
dition of weldment by a particular size of 
notch as has been advocated by Dr. A. B. 
Kinzel now for several years. This is 
something that must eventually be done. 
At the present time the best that can be 
said is that material A, for instance, will al- 
ways have a lower transition temperature 
when compared to material B for a given 
speed and constraint. If one is troubled by 
the fact that most of the temperatures 
shown in this report are subzero and there- 
fore not apt to be encountered in practice, 
all one needs to do is to extend the curve 
upward and to the left and thus at higher 
velocities pick off temperatures that seem 
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oO 
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 -i20 
BETH. DBL. V HAND WELDS 
| 
O 2 3 4 5 


HORIZONTAL DISTANCE OF NOTCH FROM WELD 4¢, INCHES 


more familiar. This is safe to do as long 
as one does not go much above room tem- 
perature as there the theory needs revision. 

For the most part the slopes of the veloc- 
ity-temperature curves are roughly par- 
allel. The slopes of the various curvVes is 
indicated by the values of Q, the heat of 
activation of the material. Table 2 shows 
these values for the materials tested. In 
cases where lines cross each other it is 
somewhat difficult to give the preference 
of one material over another. The best 
that can be said as to this is that in the 
range of speeds tested this material on the 
average has lower transition temperatures 
than that. 


Conclusions 


1. This work again brought out the fact 
previously observed by many industrialists 
that, other things being equal, deposited 
weld metal has appreciably lower transi- 
tion temperatures or greater ductility than 
base metal of the nonkilled variety tested 
herein. For the two double V hand-welded 
nonkilled ship plates HA and HC the base 
material 1 in. from the center of the weld 
is the most brittle, while the deposited 
metal at the weld center is most ductile 
and the nonkilled base materialS in. from 
the center iine is intermediate, being not 
quite as ductile as the samples of unwelded 
nonkilled ship plates tested as-received. 
By ductile is meant a low transition tem- 
perature for a given speed and constraint 
and by brittle a high transition tempera- 
ture for a given speed and constraint. 

2.. Increasing the constraint as indi- 
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Fig. 7 


cated by changing from '/, in. R to! , in. 
R to 0.01 in. R (see specimen Types \I, y 
and I) causes an increase in brittleness or 
a raise in the transition temperature of 
about 150° F. for a given speed of loading 
on the nonkilled type of ship plate ma- 
terial tested, plate D. This increase js 
more than can be accounted for merely by 
the increased strain rate at the root of the 
notch occurring in small radius notches. 
This indicates the need for bringing in the 
relation of the principal strains. 

3. The order of ductility for the N.R.L. 
materials was not inconsistent with the 
results for other ship plate materials. 
These materials were rated in the same 
order as given by the standard Charpy im- 
pact tests, namely, 454 mild steel with the 
highest transition temperature for a given 
test speed, 471 silicon-killed Navy high- 
tensile next and 504 silicon-killed Navy 
high-tensile steel with the lowest transition 
temperature. 
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Table 3 


L 


5.5 


5.5 


K 

sn f(h) "ha 

d a 
-210 2.25) 1.09 2.45D, 
206 2.200 1.09 2.40d, 
.198 -198D 1.07 2213), 
210 .618D 1.09 .673D, 
.160 .270D 1.10 2075, 
219 .210D 1.09 .2295, 
.160D 1.10 11760, 
165e .97 1.07D, 


stress concentration factor after Coker and Filon (1) 


elastic strain rate at base of notch, sec.” 
elastic strain rate in the unnotched section, sec.” 


1 


Type vector (1 
Spec. h a 1.57(3) +1 
I 1 .5 -O1 10.7 

It -O1 10.7 

-O1 10.7 

Iv 1 1 

25 2.94 

-0625 .25 1.69 
VII 1 

VIII 1 

x .O2 5.85 

h # thickness of bar, inches 

a = depth of notch, inches 

r = radius of notch, inches 
b= 

L * length of bar between supports, inches 
& = 

= 

p= 


deflection velocity at center of bar, inches per second. 


D,= deflection velocity at 5/8" from center at deflectometer, in. /sec. 


K = ratio of DA 


f(h) = ratio of ta, special calculation necessary for undercut bars. 
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Appendices 


Figure 23 shows the various specimens 
used in this report. 

Figure 24 shows for Type I specimens 
the effect of heat treatment. The normal- 
ized specimens give curves substantially 
parallel to each other. A slight preference 
in ductility is exhibited by those specimens 
normalized at 1600° F. and then follow 
1800 and 2100° F. All the normalized 
specimens in the range tested are slightly 
more ductile than the nonkilled ship plate 
specimens as-received. Figure 25 shows 
similar comparisons on the normalized 
nonkilled ship plate D specimens for the 
‘/s in. R Type V specimens. Here the 
differences are much more decided, with 
the 1800° F. being most ductile, the 
1600° F. following closely and the 
2100° F. lot most brittle. The as- 
received material was not tested on this 
size of specimen. Figure 26 based on com- 
parison for the '/,in. R Type VI specimens 
indicates again the 1800° F. normalizing 
to give the most ductility with 1600° F. 
intermediate and 2100° F. the worst or 
most brittle. On the average the conclu- 
sion may be drawn that normalizing at 
1600 and 1800° F. is decidedly better than 
no normalizing or normalizing at 2100° F.; 
a slight preference in obtaining ductility 
seems on the average to result from 1800° 
F. normalizing. This is all for the case of 
nonkilled ship plate D. 

Figure 27 shows recent load-deflection 
records with improved Z axis or timing 
dots placed at regular intervals on the load 
deflection trace at the rate of 76 per second. 

Figures 28 and 29 are microphotographs 
of a keyhole notch obtained by de Forest, 
Walsh and Jamieson after certain degrees 
of failure. De Forest says of these, “If 
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SHEAR NOTCH 


Fig 28—-Keyhole Notch. 18 x 


CLEAVAGE NOTCH 


direction of the resolved tension, although 
there is some evidence that they follow a 
series of diagonals and may, therefore, 
represent some influence of shear. 

“It would appear that all the energy in 
breaking the specimen occurs during the 
formation of the shear notch and that as 
soon as the cleavage notch is initiated the 
specimen thereafter fails in a brittle 
manner.” 

In Fig. 30 MacGregor and Fisher indi- 
cate that the difference in energy between 
brittle and ductile failures may be ex- 
plained for the most part as a result of the 
amount of volume that enters into the de- 
formation. They defined their deformed 
volume as any volume which included all 
points where the unit deformation was 1% 
or more. 

The following gives the details of the 
welded nonkilled ship plate material HA 
and HC: 

Quoting from a letter of 8/7/45 from 
R. A. Pomfret, Material Engineer of 
Bethlehem Steel Co. from whom the 


samples were received in Jan. 1945, ‘‘The 
procedure was in accordance with our 
routine hull welding procedure The 


edge preparation consisted of a double 


Fig. 29 100 x 


the specimen is examined after partial 
fracture it is found that the surface of the 
notch is roughened by a series of largely 
transverse ripples representing a series of 
grooves produced by shearing deforma- 
tion. The radius at the bottom of the 
grooves may be 10 to 100 times less than 
the original radius of the machined notch. 
After a limited amount of deformation is 
applied, small cracks are formed from the 
roots of the shear notches which in turn are 
perhaps also in the order of 100 times 
sharper than the shear notches. These 
latter notches are the cleavage failures 
which are largely intergranular and hence 
follow a varying path revealing the course- 
ness of the original grain and the general 
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bevel and the welding was applied by the 
block system, the welding being continu- 
ous without preheat and without cooling 
between blocks. In the block system, the 
first block (6 to 8 in. long) is placed in the 
center of the plate, and the next two blocks 
are placed at the ends on the opposite side. 
The remaining blocks are distributed in a 
similar manner until the weld is complete. 
The root of each block is chipped to clean 
: metal before welding the block on the op- 
‘as posite side. The size of the welded speci- 
24 men was approximately 4 ft. by 4 ft.” 

The plates as delivered to M.I.T. were 
torch cut to 15 in. wide by 18 in. long in 
the welding direction. Specimens HA 
were tested from 1 to 1'/, months after 
welding. Specimens HC were tested 10 to 
11 months after welding. 
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Summary Report the Joint 
E.E..-A.E.LC. Investigation of 
Graphitization of Piping 


By S. L. Hoyt!, R. D. Williams‘ and A. M. Hall! 


operating companies on the condition of their steam 
lines? and by additional investigators, they being princi- 
pally staff members of the power companies and of sup- 
pliers who had individual points under study. 

In general, no attempt is made in this paper to dis- 
tinguish between the sources of the data discussed, 
although this has been done in the Battelle progress re- 


ports to the Joint Subcommittee. 


It is intended in this summary report to give the status 
to date on points that have emerged as being of greatest 
significance in manufacture and fabrication. 
nately, it is possible to give reasonably good answers to 
some of the more important questions, but it should be 
recognized that the exploration of a new field is likely to 
raise additional questions, the existence of which had not 
been anticipated. That is true in the present instance 
and is principally responsible for the tentative position 


which must be taken on some of the points. 
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Fig. 1—High-Aluminum Killed Carbon-Molybdenum Steel, 
Bead Welded and Treated 9700 Hr. at 1025° F. Random 
Graphitization. Nital Etch, 250 x 


The Influence of Deoxidation and Alloying Elements 


Aluminum Deoxidation 


Among the plain-carbon steels, the high-aluminum de- 
oxidized types (i.e., 1.5-2 Ib. Al per ton) were found to be 
relatively susceptible to graphitization at the higher 
steam temperatures. Plain-carbon steels, low aluminum 
deoxidized (i.e., 0.5 Ib. Al per ton, or less) or straight 
silicon deoxidized, appear resistant to graphitization at 
present steam temperatures. These findings are con- 
firmed by both plant and laboratory investigations.* 
Bead-welded, high-aluminum deoxidized, plain-carbon 
steel showed graphitization after only 500 hr. at test 
temperatures of 925 and 1025° F. At the same test 
temperatures, a low-aluminum deoxidized plain-carbon 
steel contained no more than possible traces of graphite 
after 7700 hr. 

Residual aluminum in the steel, or some factor which 
runs parallel with it, seems to promote graphitization 
very strongly. In this connection, there is some evi- 
dence, though it is inconclusive, to suggest that it is resid- 
ual aluminum as metallic aluminum rather than as 
Al,O; which is effective. This point will be considered 
again when the relationship between graphitization and 
microstructure is discussed. 


Molybdenum 


The presence of about 0.59% molybdenum in the car- 
bon-molybdenum steel retards graphitization to some 
extent. However, molybdenum was originally added to 
improve creep strength, and its retardation of graphitiza- 
tion is a secondary effect, far outweighed by the action of 
aluminum deoxidation as an accelerator. Thus, while 
low-aluminum killed or straight-silicon killed carbon- 
molybdenum steel was found to be very resistant to 
grapuitization, high-aluminum killed carbon-molyb- 
denum steel graphitized to an appreciable extent, though 
not as readily as high-aluminum killed plain-carbon steel. 
The graphitization of carbon-molybdenum steel and the 
effect of aluminum deoxidation may be seen by compar- 
ing Fig. 1 with Fig. 2. 


Chromium 


Examination of the chromium-molybdenum steels has 
developed a feature of the microscopic identification of 


GRAPHITIZATION OF PIPING 


Fig. 2—Low-Aluminum Killed Carbon-Molybdenum Steel, 
Bead Welded and Treated 9700 Hr. at 1025° F. No Graphi- 
tization. Nital Etch, 250 x 


graphite that deserves mention. Chromium is added, 
in this case, to produce a carbide of such stability that it 
will be immune to any tendency to form graphite at 
operating temperatures. There is considerable evidence 
to support this belief and one expects the microscopic 
examination of heated test samples to show nothing of 
the nature of graphite. Actually one observes very small 
particles, even in samples containing 1° of chromium or 
more, and is inclined to report “traces of graphite.’’ One 
of these small particles is shown in Fig. 3. The occur- 
rence of graphite is highly doubtful and the situation calls 
for positive identification of these particles, if not in the 
present samples in which the task would be relatively 
difficult then in samples which have been heated long 
enough for them to grow into a more convenient size. Un- 


Fig. 3—Small Dark Particle in Low-Aluminum Killed Chro- 
mium-Molybdenum Steel (0.5% Cr, 0.5% Mo), Heated 2500 
Hr. at 1025° F. Nital Etch, 2000 
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Fig. 4—High-Aluminum Killed Chromium-Molybdenum Steel 
(0.5% Cr), Bead Welded and Treated 5000 Hr. at 1025° F. 
No Graphite. Nital Etch,250 x 


fortunately, at this time, it has not been possible to carry 
out the work necessary to complete the identification— 
they might be chromium oxide or some other unsuspected 
reaction or precipitation product. 

With this in mind it is noted that chromium-molyb- 
denum steels, even one containing as little as 0.25% 
chromium and made with high-aluminum deoxidation, 
did not appear to graphitize in a laboratory test. After 
heating at 925 and 1025° F. for 5000 hr., careful metallo- 
graphic examination showed so little graphite, if any, 
that it could not be identified with certainty. Under 
the same conditions, control specimens, similar in com- 
position except that no chromium was added, graphitized 
after 2500 hr. Figures 4 and 5 indicate these differences. 
Thus, the stabilizing or retarding capacity of chromium 
is much greater than that of molybdenum, and is appar- 
ently sufficient to offset the accelerating tendency of 
aluminum. 


Nickel 


It has been reported that nickel in amounts up to 
3.43% does not increase the tendency of low-carbon 
molybdenum steel toward graphitization in the tem- 
perature range of 950 to 1050° F., and may quite possibly 
decrease it. 


The Effect of Prior Heat Treatment and Structure 


Welding 


The striking peculiarity in the graphitization problem 
confronting the power industry is the fact that, when 
segregated graphite forms in pipe during service, it 
usually occurs in a narrow zone in the pipe immediately 
adjacent to a weld. It is very evident that the location 
of this zone and the degree of graphite segregation in it 
are largely determined by the thermal gradients imposed 
on the pipe during welding. Microscopic examination 
shows that this zone of graphite segregation is the narrow 
band through the wall of the pipe, near the weld and 
following the weld’s contour, which has been heated ap- 
proximately to the Ac; point of the steel by the welding 
operation The influence of welding heat is shown in 


Fig. 5—High-Aluminum Killed Carbon-Molybdenum Steel 

(0.0% Cr aoe Bead Welded and Treated 5000 Hr. at 

1025° F. Graphite Tending to Segregate at Ac; Isotherm. 
Nital Etch, 250 x 


Figs. 6 and 7 for a high-aluminum killed plain-carbon 
steel. 

Welding is not the only factor operating to produce 
segregated graphite; we must not overlook the simple 
fact that the steel must be inherently graphitizable. 
Thus, the thermal treatment accompanying welding is a 
necessary but not a sufficient condition for the production 
of a brittle zone of segregated graphite. 


Carbide Particle Size 


There is evidence to indicate that it is the structure of 
the carbides in the zone heated to the Ac; point which in- 
duces the graphite segregation. In particular, the 
observations suggest that a spheroidized or coarse- 
carbide structure, such as may obtain at the Ac; isotherm 
after welding, is especially susceptible to graphitization. 
Fine carbides appear to be more resistant to graphitiza- 
tion. This was brought out in a test of a high-aluminum 
killed plain-carbon steel which was heated 1350 hr. at 
1025° F. Specimens water quenched from 2000 or 
1600° F., or normalized at 1650° F. (all containing fine 
carbides), showed no graphite, while specimens annealed 
at 1400° F. or spheroidized 65 hr. at 1250° F. had 
graphitized, forming random graphite nodules. Further- 
more, welded carbon-molybdenum steel pipe, normalized 
at 1650° F., was also resistant to graphitization, presum- 
ably because the susceptible structure near the weld was 
replaced by a relatively fine and resistant structure. It 
is to be assumed that longer heating would ultimately 
produce random graphite, a point that is more ade- 
quately treated under the kinetics of graphitization. 
Normality 

The accumulated evidence seems to confirm the hy- 
pothesis that a steel which is structurally completely “nor- 
mal” in the McQuaid-Ehn test is highly resistant, though 
not necessarily absolutely immune, to graphitization.’ 
In this light, the action of aluminum as an accelerator 
of graphitization may be its known capacity for promot- 
ing spheroidization of carbides and for inducing ‘‘ab- 
normality” in steel. Thus, the influence of aluminum 
may actually arise from its effect on structure. 

Contrariwise, the persistence of well-defined lamellar 
pearlite shown by Kerr and Eberle for long-continued 
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‘ig. 6—High-Aluminum Killed Plain-Carbon Steel, Bead 


Welded and Treated 7700 Hr. at 1025° F. Graphitization in 
Zone Just Above Ac; Isotherm. Nital Etch, 250 x 


heating of normal steels may be directly associated with 
freedom from graphitization.® 


Post-Weld Heat Treatment 


Post-weld heat treatments at 1200 or 1300° F. have 
shown a little less graphitization, as compared to the as- 
welded condition. The reason for this small effect is not 
clear, though for molybdenum steel it has been suggested 
that the effect of 1300° F. is due to the formation of 
molybdenum carbide. A striking effect, however, is 
produced by a post-weld stress relief carried out slightly 
above the Ac; temperature of the steel which re-forms 
the structure produced by welding. In tests of a high- 
aluminum deoxidized plain-carbon steel, stress relieved 
at 1370° F., the formation of segregated graphite was 
completely prevented although random graphitization 
was not prevented and, in fact, may even have been 
accelerated. 

The same steel, stress relieved at 1290° F. or less, after 
welding, developed segregated graphite near the Ac; 
isotherm. These tests were carried out at 925 and 1025° 
F. for time intervals up to 7700 hr. 

It may be pointed out here that some instances of re- 


sorption of segregated graphite have been observed in 
test samples. 


Creep Strength 


One of the points immediately considered upon dis- 
covery of the apparently beneficial effects of stress re- 
lieving above the lower critical temperature (Ac;) was 
the effect of such a treatment on the creep strength of 
steel so treated. Creep tests could not be made in the 
limited time available, but samples of carbon-molyb- 
denum steels were “‘stress relieved” at 1425° F., and the 
microstructures thus produced were compared with those 
shown by Weaver® in his study of creep in carbon- 
molybdenum steel. This comparison suggested that the 
creep properties would most probably correspond to 
Weaver's specimens representing an annealed initial con- 
dition, As such, the stress-relieving treatment above the 
lower critical point would not be excessively harmful to 
the creep strength. 
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Fig. 7—High-Aluminum Killed Plain-Carbon Steel, Bead 


Welded and Treated 7700 Hr. at 1025° F. Graphitization in 
Stock Unaffected by Welding Heat. Nital Etch, 250 x 


The Influence of Stress and Strain 


It is not possible at this time to distinguish very clearly 
between stress and strain (cold work) as factors in the 
graphitization problem. High-pressure steam lines are 
under stress in service and some evidence has been gath- 
ered to indicate that stress may accelerate graphitization 
and, in so doing, produce a typical stress pattern. It is 
not considered a primary cause of graphitization, how- 
ever, and the information at hand indicates that it is 
effective only in the case of a readily graphitizable steel. 

As an example of the effect of cold work, a tensile bar 
of high-aluminum deoxidized plain-carbon steel was 
pulled to fracture at room temperature and heated 1550 
hr. at 1025° F. Random graphitization was found in the 
bar, increasing in severity toward the fracture. A 
similar test in a low-aluminum killed plain-carbon steel 
produced no graphite whatever. Straining by bending 
at room temperature slightly increased graphitization in 
a high-aluminum killed plain-carbon steel, while com- 
pressive straining at 1025° F. considerably increased the 
amount of graphitization. No relationship was found 
between the strain lines (Liiders lines) produced in a steel 
specimen by tensile deformation and the location of 
graphite nodules. 

The information so far accumulated points toward 
stress, and particularly that developed at steam-line 
operating temperatures, as a probable accelerator of 
graphitization which should not be overlooked. 


The Effect of Joint Preparation 


Among the original questions raised by the power in- 
dustry regarding the susceptibility of carbon-molyb- 
denum steel pipe to graphitization, three dealt with the 
possible effect of joint preparation as a cause of graphi- 
tization. Specifically these were: (1) Is grease applied 
to the pipe end during fabrication a possible source of 
graphite; (2) does gas-cutting of pipe ends preparatory to 
welding cause graphite to form; and (3) does cold work- 
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ing, such as produced by too coarse a tool feed in machine 
beveling of pipe ends, cause graphite to form? 

Tests indicate that none of these three factors is likely 
to contribute to the graphitization of steam lines. How- 
ever, the evidence is not absolutely conclusive, particu- 
larly in regard to the effect of grease. Hence, it appears 
advisable to adhere to the practice of cleaning all joints 
free from grease and other foreign matter prior to weld- 
ing. It is, of course, known that perfectly clean steel 
graphitizes if it is of the susceptible type. 

. As for flame-cutting and heavy tool feeds, it is believed 
in view of the depth of penetration of weld metal below 
the original surface of a joint, that neither of these surface 
preparations would cause the formation of graphite. 


The Kinetics of Graphitization 


On the basis of preliminary work that has been done, 
an attempt has been made to apply the principles of 
chemical kinetics to the problem of graphitization. 

The approach consists in treating the graphitization 
process as a slow chemical reaction and determining its 
course with time at constant temperature, as given by 
the fraction of carbon transformed from the initial condi- 
tion (carbide) to the final condition (graphite), for differ- 
ent intervals of time. The plot of the fraction of total 
carbon transformed, against time at temperature, is the 
reaction curve of the process. By correlating a series of 
reaction curves, each representing the progress of graphi- 
tization at a different temperature, the effect of tempera- 
ture may be determined—at least for the temperature 
range over which the mechanism of the process remains 
the same. 

Figure 8 shows reaction curves obtained from data for 
the graphitization at 925, 1025 and 1125° F. of ‘‘recondi- 
tioned’’* specimens of the original Springdale pipe, a 
high-aluminum deoxidized carbon-molybdenum steel. 
The fraction of carbon transformed to graphite was deter- 
mined by metallographic methods and plotted semi- 


* Air cooled from 2200° F. and normalized at 1650° F, 


TIME IW HOURS 
Fig. 8—Reaction Curves for the Graphitization of the Springdale Pipe 
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logarithmically against time. The solid portion of each 
curve represents the experimental data. The broken 
portions have been added to show the probable form of the 
complete curves. 

For the purpose of illustration only, it was decided to 
use these data to indicate the effect of temperature on 
the rate of graphitization. For this the half-life time at 
each of the three test temperatures was read directly 
from the reaction curves as the time required to convert 
half the total carbon in the steel to graphite. These half- 
life times for 925, 1025 and 1125° F., plotted semi- 
logarithmically against the reciprocal of the absolute 
temperature, yielded the approximately straight line 
relationship shown in Fig. 9. 

Reports on the progress of graphitization usually 
make use of some simple description of amounts, particle 
size and distribution, with photomicrographs of typical 
areas. That is not adequate for quantitative treatment, 
and for the present work it was necessary to determine 
the amount of graphite in each sample. This was done 
by polishing several microsections of each sample and 
then estimating the average area covered by graphite. 
This figure in per cent gives the per cent by volume. 
Upon converting the volume per cent to weight per cent, 
it was necessary to apply a correction factor whici was 
experimentally determined by a comparison of a limited 
number of microscopic determinations with direct 
chemical analyses for free carbon. 


Some refinements in technique are still desirable but 
the data presented are doubtless adequate for illustrating 
the principles. At this time no great accuracy can be 
claimed for the individual determinations. However, 
the data are good enough at least to suggest that the 
graphitization process, when it occurs, follows a definite 
law. Furthermore this law, whatever it may be, appears 
to be reasonably uniform in behavior over the range of 
temperature involved in the test program. Should this 
initial finding be corroborated by additional and more 
precise determinations, this is a conclusion of major 
significance since it gives legitimate grounds for predict- 
ing, from the findings at higher and accelerating test 
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temperatures, what will happen at lower temperatures, 
or down to approximately 925° F. There is some reason 
to believe that at some temperature below 925° F., which 
would probably be different for different steels, some sort 
of change in the process sets in—such as one or more of 
the conditions for graphitization dropping out—and 
hence that a temperature range of immunity is entered. 
That temperature, if adequately determined and de- 
fined, would then become the maximum safe operating 
temperature for the steel in question. 

While this preliminary study was conducted for the 
primary purpose of checking the soundness of the use of 
accelerating test temperatures—in other words, checking 
the experimental approach to the problem—it suggests, 
and possibly justifies, certain speculations on the type of 
data or observations which are needed to give an ade- 
quate understanding of the process. That should be the 
ultimate goal of an experimental program which seeks 
the control of graphitization. Since this is speculation, 
the discussion will be brief. 

There is some thought that graphitization is a nuclea- 
tion and growth process. The characteristics of such a 
process are (1) an incubation period of nucleation over 
which it appears that nothing happens, (2) a period of 
relatively rapid change with corresponding depletion in 
the reacting substance, and (3) a final, slow change to 
the end point. The graphitization data indicate that 
the reaction starts relatively fast and proceeds at a de- 
celerating rate. (The curves of Fig. 8 do not show this, 
on account of the logarithmic scale, but it becomes clear 
when time is plotted on a linear scale.) Atleast the data 
are consistent with the idea that nuclei are already pres- 
ent in the steel used for this test though, in other 
graphitizable steels, that might not be so and the differ- 
ence should show up in the reaction curves. Of course, 
if the second type of steel were tested for too short a time, 
one might erroneously conclude that it was immune. 

The idea of graphite nuclei being present in some steels 
is not without support since Mr. Bolton of the Lunken- 
heimer Company has shown by chemical analysis that 
the Springdale steel before service contains about 0.04% 
free carbon. Other steels, which are either immune or 
relatively resistant, ran about 0.01%. These amounts 
are too small to be seen under the microscope. 

An experimental verification of these points is greatly 
to be desired. While they may appear to be of greater 
theoretical than practical interest, that would probably 
be a shortsighted viewpoint. Laboratory tests of 
10,000-hr. duration are relatively long, yet an accelerated 
test at 1125° F., which steps up the rate thirteen-fold, 
would require over 30,000 hr. to produce the effect of 
normal operating life at 925° F. In other words, we are 
required by the force of circumstances to pass judgments 
which are based on relatively short acquaintance with 
the steels in question. Obviously, the more complete 
our understanding of graphitization the better able we 
will be to appraise steels and structures in short-time 
tests. 

Another line of speculation which may not be without 
interest relates to the effect of structure, particularly the 
striking segregation of graphite along the Ac, isotherms. 
From thermodynamics it is known that the slope of the 
straight line of Fig. 9 is proportional to the energy change 
involved in the mechanism which controls the rate of the 
reaction. Calculation gives a heat value (32,900 calories 
per mol) which is consistent with the assumption that the 
controlling factor is diffusion, presumably the diffusion of 
carbon atoms through the ferrite matrix from the carbide 
source to the graphite nodules. This immediately raises 
the question of what carbide particles serve as sources. 

In most processes of nucleation and growth, it is not 
difficult to identify the reacting material or source. For 
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RECIPROCAL OF ABSULUTE TEMPERATURE 


Fig. 9—The Effect of Temperature on the Rate of the Graphiti- 
zation Process 


the case of graphitization, the malleabilization of white 
cast iron comes to mind, with nodules of graphite sur- 
rounded by uniform, impoverished zones. The present 
type of graphitization departs from this ideal picture, at 
least in numerous instances, in that the graphite nodules 
may be surrounded by carbide-containing areas. Obvi- 
ously those areas did not provide carbon for the graph- 
ite—the carbon must have come from more distant 
points. This seems to be just a simple statement of the 
facts and, if correct, it shows that not all of the carbon is 
equally “available.” 

There is some evidence on availability. In the Bat- 
telle program it was found that a steel that was either 
quenched and drawn, or normalized, did not graphitize 
under test conditions which produced graphite in the 
same steel when it was annealed. The obvious struc- 
tural difference is a fine carbide in the first two conditions 
and a coarse carbide in the latter. The concept of availa- 
bility is sufficiently intriguing to induce one to attempt to 
apply it to the case of segregated graphite. Upon heat- 
ing the steel to Ac, during welding, the carbide has an 
opportunity to coarsen and this would probably be aided 
by aluminum deoxidation. If graphite nuclei are already 
present, graphitization would start almost immediately 
by drawing carbon from those carbides which were able 
to provide it. Even so, the process is slow and, particu- 
larly at service temperatures, some time would elapse be- 
fore much visible graphite had formed. If nuclei had to 
form first, still more time would be required. In either 
case the graphite which formed at the Ac, isotherm pref- 
erentially would serve as a “‘sump’’ and drain carbon 
from coarsened carbides in the vicinity. 

While this picture may be adequate for some of the 
cases of graphitization, a review of the findings to date 
indicates that it by no means covers all cases. Smith 
and Brambir® found, for example, in experiments with 
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an end-quenched bar of graphitizable steel that the 
quenched end produced graphite on being heated subse- 
quently. That seems to contradict the work at Battelle 
on a quenched and drawn sample but, more likely, it is 
probably just telling a different story. 

Without going into all the details, this seems to be the 
status of our knowledge of the graphitization process. 
By this, we mean that from the standpoint of under- 
standing the process, the data which have been accumu- 
lated do.not fall into one simple pattern. They suggest, 
rather, that there are varying and multiple conditions 
which must be satisfied for the initiation and progress of 
graphitization. 

Work on the kinetics of graphitization suggests that it 
should be valuable for distinguishing between the cases 
of free graphite initially present in the steel and of the 
spontaneous generation of nuclei. The latter condition 
would require a longer period for the growth of finite 
particles and, in the incubation period, would be difficult 
to distinguish from the case of a nongraphitizable steel. 
(Possibly the determination of free graphite would make 
this possible.) Furthermore, it now appears that ab- 
sence of graphitization at a given time interval may be 
due either to (a) absence of nuclei in an otherwise graphi- 
tizable steel, (6) absence of available carbon in an other- 
wise graphitizable steel or (c) stable carbide. Conditions 
(a) and (6) could conceivably become modified with 
additional time and produce late graphitization. Condi- 
tion (c) is the case desired for good practice, for both 
fabrication and service. 

The ultimate use of the kinetic approach would be to 
make it possible to make reasonable predictions of be- 


havior in service from accelerated test data gathered in 
the laboratory. 


Summary 


Considerable information has been gathered on the 
effects of several of the variables operating in the graphi- 
tization of high-pressure steam lines. Some data have 
been accumulated on the influence of deoxidation and the 
composition of the steel, on the effects of welding heat 
and other preservice heat treatments, and on the influ- 
ence of microstructure and cold deformation. While the 
results are largely qualitative, they throw some light on 
the mechanism of graphitization and give a basis, the 
only one at present, for prescribing the steel to be used 
and for setting safe operating temperatures. 

By way of summarizing, it is thought that the following 
can be said on the points that appear now to be most 
important in this problem. 


Deoxidation 


The deoxidation practice used in making steels which 
are presumably of the graphitizable type is of great im- 
portance. In particular, the use of 1'/, to 2 Ib., of 
aluminum per ton is known to have a pronounced effect. 
This applies to both carbon and carbon-molybdenum 
steels of the type used for steam lines. This effect of 
aluminum has been found by controlled tests to be more 
pronounced than is the stabilizing effect of 0.5% molyb- 
denum. Steels which have been tested with not over 0.5 
Ib. per ton and straight silicon-killed steels are relatively 
immune, These steels are characterized by showing a 
highly normal case structure in the McQuaid-Ehn test 
while the same steels deoxidized with the larger amount 
of aluminum showed the “abnormal” structure. While 
there is still some small doubt as to the absolute immunity 
of these normal steels, they should be regarded as highly 
resistant and capable of operating under more severe 
conditions without graphitizing than the same steels of the 
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abnormal type (Normal = 0.001 + Al; Abnormal — 
0.020 + %Al). 


Composition 


Since carbon is the element which produces the graph- 
ite, it would seem advisable to keep it on the “low side,” 
though no quantitative determinations have been made 
of the effects of different carbon contents. Chemica] 
analysis reports a small amount of free carbon in these 
steels as manufactured. The indications to date are 
that the nongraphitizing steels contain not over 0.01°% 
free carbon and the graphitizing steels about 0.04%. 
This lead is so important that it should be followed up. 
This might be done by determining free carbons on new 
lots of both wrought and cast steels for information pur- 
poses, 

Manganese and silicon are both known to affect 
graphitization in general, In the present case, these ele- 
ments have been held at fairly constant levels, and, to 
date, no specific effects of these elements have been un- 
covered. 

Molybdenum is known to form a (metallic) carbide and 
has been shown to exert a stabilizing effect on pipe steels. 
Molybdenum also has a characteristic effect on the struc- 
ture of steel and may have a secondary effect of this type. 
Just what this effect might be has not been worked out as 
yet, certainly not quantitatively. 

It has been reported that heating the molybdenum 
steels at about 1300° F. has a pronounced beneficial effect 
on graphitization. It was suggested that this is due to 
the conversion of iron carbide to the more stable molyb- 
denum carbide, but, apparently, it is not known that this 
molybdenum carbide would remain stable at the lower 
operating temperatures or that the immunization is 
permanent. 

Chromium also forms a highly stable carbide and is 
now thought to be the best element to add to carbon or 
carbon-molybdenum steels to keep them from graphitiz- 
ing in service. In contrast to molybdenum, the addition 
of as little as 0.25% chromium has at least checked 
graphite in high-aluminum killed steel. While tests of 
chromium-containing steels have not as yet given definite 
or final answers, particularly on the amount of chromium 
which would be needed, the tests do indicate that 
chromium prevents or vastly retards graphitization. In 
this connection, however, it should be mentioned that 
tests of steels containing as much as 1% chromium, or 
more, have shown ‘“‘traces’’ of some new substance. 
Since one is looking for graphite in these samples, he is 
inclined to refer to this material as graphite since it 
occurs as very tiny dark specks. On the other hand, 
this material has not been identified, a determination 
which would not be without difficulties. 


Welding 


While random graphitization can occur in pipe steels 
without causing undue alarm, the heat effects of welding 
establish a highly critical zone where the stock has been 
heated to about the Ac; temperature. This is the major 
cause of segregated graphite. 

While the usual stress-relieving temperatures of 1200 to 
1300° F. retard graphitization, it seems to be necessary 
to eradicate the structure of the heat-affected zone to 
have any important effect on the elimination of segre- 
gated graphite. Such a stress relieving would be carried 
out just above the critical temperature for a long enough 
time to accomplish this. This treatment should be re- 
garded as a good “corrective measure’ for use with a 
known or suspected graphitizable steel, but by no means 
as a substitute for a stable steel. 

Inasmuch as welding sets up the structural conditions 
which invite graphite segregation, welding techniques 
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should be looked for to ameliorate this condition. The 
use of a high heat input and preheat which widen the 
heat-affected zone should be beneficial and should im- 
prove the effectiveness of stress relieving above Ac;. 


Prior Structure 


Prior structure of the part as welded does not appear to 
have a dominating effect on graphitization. While the 
point has been kept in mind by investigators, it does not 
appear to warrant very much attention. Even so it 
might have a secondary effect on the susceptible structure 
which is set up by welding. With this factor, as with 
various other factors of graphitization, an analysis of its 
precise effects is far less important than finding a steel 
which is immune to graphitization and not sensitive to 
deoxidation, welding, structure, etc. In particular, it is 
not thought that the structure set up by hot upsetting, 
hot forming, etc., is of primary importance in the graphi- 
tization problem. 


Cold Work 


The manufacture of pipe and castings for steam lines 
does not involve cold work except scarfing and similar 
operations. On this account, the effects of cold work 
do not enter into the problem in a practical way, but 
laboratory tests have shown that cold deformation of 
graphitizable steels accelerates the process. On this 
account, it might be used in a testing program to dis- 
tinguish between graphitizable and nongraphitizable 
steels. 


Service Temperatures 


In view of the present interest in higher steam tem- 
peratures, it is advisable to point out that the various 
investigational programs have all related to service tem- 
peratures not above the 925 to 950° F. mean operating 
temperature range. Steam temperatures of the order of 
1000° F. and above would very likely call for a different 
type of steel. 


Suggestions for the Power Industry 


1. For new steam-line installations, it is suggested 
that a “normal” (low-aluminum- or silicon-killed) carbon- 
molybdenum steel with initial graphite content of not 
more than 0.01% or a chromium-molybdenum steel con- 


taining 0.50 to 1.00% chromium and 0.50% molybdenum 
be used. Also, since post-weld stress relieving is general 
practice, it appears advisable to stress relieve these steels 
above their Ac; temperature after welding. Future work 
may show this to be unnecessary. 

2. Though joints exhibiting some graphitization in 
service can generally be ‘healed’ by normalizing at 
1650-1700° F., they should be checked periodically. 

3. When a joint is severely graphitized, the only safe 
procedure is to cut it out and reweld, or replace it with a 
spool of new pipe. In fact, where severe graphitization 
is encountered in a large number of joints throughout the 
installation, it is safest to replace all the pipe with a type 
resistant to graphitization. 
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Discussion on “Tension 
Tests of Single-Row 
Spot-Welded Joints in 
248S-T Alclad Alumi- 


num Alloy Steel’ 


By A. R. Hardt 


Figure 1 (A) shows the four points from his low- 
Strength weld test on 0.040 material. The hyper- 
bolic curve was developed by assuming an initial weld 
strength of 200 Ib. This curve represents the ultimate 


if HAVE replotted two curves from Mr. Vedowa’s data. 
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joint strength that would be obtained if shunting were 
not present. I have shown the same data in Fig. | (B) 
by plotting the weld spacing as welds per inch; the no- 
shunt curve becomes a straight line. There is a gain in 
joint strength of 292 Ib. per inch when the weld spacing 
is decreased from */; in. to '/s in. This amounts to a 
strength increase of 32.5% for a 200% increase in the 
number of welds. Because this fact is likely to be over- 
looked in Fig. 1 (A), I prefer the second method of plot- 
ting. 

In Fig. 2, I have plotted the data for high- and low- 
strength welds in 0.040 material. The design line shown 
in this figure was obtained by assuming a design strength 
of 330 Ib. per weld. This is approximately 80% of the 
minimum shear strength for 0.040 material as specified 
by ‘Tentative Standards.’”’ The point where this line 
crosses the recommended weld spacing ('/,6 in.) is of 
particular interest. Note the narrow margin between 
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Foreword 


Y THE Spring of 1943 several serious 
failures of welded merchant vessels 
had occurred. Among the possible causes 
for these failures was the presence of re- 
sidual stresses which existed because of the 
welding process used in construction. It 
was apparent that the existence of re- 
sidual welding stresses was one way in 
which welded ships differed from riveted 
vessels. Relatively little study had been 
done on the subject of residual welding 
stresses and almost nothing on structures 
of large magnitude as represented by a 
ship. There were, therefore, no factual 
data as to the magnitude or distribution of 
the residual welding stresses in large weld- 
ments and thus no concrete evidence as to 
whether they did or did not cause the fail- 
ures which were being experienced, or even 
contribute to them. 

Throughout the welding industry there 
were many “‘theories’’ regarding the effect 
of residual stresses and how they could be 
eliminated or reduced. However, in most 
cases these were only theories, unsup- 
ported by accurate experimental evidence. 
It was apparent that many were confusing 
stress and distortion and thus arriving 
at very doubtful conclusions. 

In June 1943 an extensive program of 
research to study residual welding stresses 
was undertaken by the College of Engi- 
neering at the University of California 
under a contract with the Office of Scien- 
tific Research and Development, Contract 
number OEMsr-1071. The work was 
under the immediate supervision of Pro- 
fessor E. Paul DeGarmo of the University 
of California. Supervision for the O.S. 
R.D. was through Mr. Geo. S. Mikhala- 
pov, Supervisor of Welding Research of 
the War Metallurgy Committee. The 
official title was ‘‘Residual Stresses in 
Ship Welding’’ and it was designated as 
project NRC-64. It was subsequently 
given a Navy project number NS-304. 
Work under this contract and extensions 
continued until March 31, 1945. 

An advisory committee, composed of 
representatives of the U. S. Navy, U. S. 
Maritime Commission, U. S. Coast Guard, 
American Bureau of Shipping, several 
steel companies and several of the large 
shipbuilding companies, was organized 
to render assistance in guiding the investi- 
gation. This committee expressed the 
belief that to be of maximum benefit the 
work should be applied to actual ship 
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A Method for the Measurement of Residual] 
Welding Stresses 


By J. L. Meriam,* E. Paul DeGarmo} and Finn Jonassen* 


subassemblies, made under shipyard con- 
ditions. 

The work to be undertaken was divided 
into four parts as follows: 


1. Establish a suitable technique for 
measuring residual stresses. 

2. Determine the magnitude and pat- 
tern of the residual stresses in 
typical ship weldments. 

3. Determine the effect of various 
welding sequences upon residual 
stresses. 

4. Investigate the possibility of re- 
ducing residual stresses by vari- 
ous procedures, such as peening, 
block welding, welding electrodes 
having different physical proper- 
ties, and certain low-temperature 
stress-relieving treatments. 


In this, and the series of papers to follow, 
the results of these investigations are pre- 
sented. Only the results and most im- 
portant data will be presented in these 
papers. The complete data were pub- 
lished in the following O.S.R.D. reports: 


OSRD No. 3176; Serial No. M-190; 
January 14, 1944. 

OSRD No. 3698; Serial No. M-266; 
May 24, 1944. 

OSRD No. 4388; Serial No. M-370; 
November 13, 1944. 

OSRD No. 4867; Serial No. M-463; 
March 29, 1945. 


Introduction 


For the measurement of residual stresses 
in weldments it was immediately apparent 
that strain gages having short gage 
lengths should be used by reason of the 
sharp stress gradients existing in the 
neighborhood of welds’ It was thus de- 
cided that type SR-4 electrical resistance 
strain gages with available gage lengths 
of 13/16, 1/2 and '/, in. would be employed. 
These gages necessarily ‘had to be ce- 
mented to the weld arid adjacent plate 
surfaces after welding had been com- 
pleted. The strain increments from the as- 
welded condition to the relaxed condition 
would then be measured. Relaxation was 
to be achieved by removing each plug of 
metal containing a gage by drilling rows 
of tangent holes around each gage and 
removing the plug with attached gage 
from the weldment. Calculation of re- 
sidual stresses could then be made from 
these measured strains using the well- 
known elastic equations of stress and 
strain based on the linearity of the stress- 
strain relaxation process. 
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Procedure 


1. Attachment of Gages.—Before an 
SR-4 type strain gage was placed on the 
structure to be tested, the surface to WA. 
the gage was to be attached was made flat 
and smooth. To place gages on the weld 
beads it was usually necessary to grind the 
bead a small amount to obtain a flat sur- 
face. The surface was then made smooth 
by using 3/0 emery cloth. For gages on 
the flat plate, the surface was cleared of 
rust, scale and mill scale and smoothed 
with 3/0 emery paper. All surfaces were 
then thoroughly cleaned using acetone to 
remove grease or oil. 

Based on information obtained from one 
of the aircraft companies, a cement made 
by dissolving 200 gm. of No. 2346 celluloid 
(Celanese Celluloid Corp.) in 128 oz. of 
ethyl acetate was used almost exclusively 
This cement dries faster and is easier to 
apply and was found more satisfactory 
than the cement recommended by the gage 
manufacturer. A small weight of about 
5/4 lb., or light pressure, was applied to the 
felt pad covering the gage elements until 
the cement had partially set. The total 
drying time before readings were taken 
was usually between 24 and 36 hr. 

Since most of the gages had to be applied 
outdoors in the winter, it was found helpful 
to heat the steel plates in the vicinity where 
gages were to be attached to about 100° F. 
by means of heat lamps before applying 
the gages. This assured a dry surface and 
speeded the drying of the cement. As 
soon as the gage cement had set for a few 
minutes the heat lamps were again put 
in place to aid in the drying. Care was 
taken to keep the plate temperature below 
140° F. After the cement had dried for 
one-half hour under these conditions the 
gages were moistureproofed by applying 
hot Petrosene A wax directly to the gage 
and the plate. This gave sufficient pro- 
tection so that gage stability was main- 
tained under quite adverse conditions. 
This also protected the gage, particularly 
the lead wires, from physical damage 
Using this technique the gages were ready 
to be read as soon as the plate attained 
ambient temperature following applica- 
tion of the wax. 

The gage-locating coordinate system 
was laid out and gages were placed on both 
sides of the panels at corresponding loca- 
tions. 

Several types of gages were employed, 
depending on the location and measure- 
ment desired. 


Type A-1, gage length 
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Fig. 1—Equipment for Measuring Strains with SR-4 Gages 


Type A-5, gage length '/, in. 

Type A-7, gage length '/,in. 

Type R-1 (rosette), gage length '/;¢ in. 
Type AX-5, gage length '/, in. 


The AX-5 gage was developed for use on 
weld beads where a short gage length 
was required and where due to symmetry 
only two strain components, namely, 
along and transverse to the weld, were re- 
quired. This gage has two overlapping 
grids, each at right angles to the other. 
The A-7 gage was somewhat fragile and 
inconsistent in its readings for the type of 
work involved, and its use was somewhat 
limited. 

2. , Method of Reading Gages.—Since 
tLe strain gages were to be read only once 
prior to and once subsequent to drilling out 
the plug, it was decided that a permanent 
connection from the gage to the strain 
indicating instrument through a central 
switching system was not practical. This 
was further emphasized by the difficulties 
such a method would cause during the 
drilling operation. 

A method of quickly clipping on to the 
gage leads was therefore devised. Several 
clip designs were used employing brass or 
silver contacts. These clips were attached 
directly to the gage leads extending from 
the strain indicator, and with reasonable 
care gave readings which could be repro- 
duced to within + 5 micro-in. per inch. 

A portable SR-4 strain indicator of the 
Baldwin Southwark type was used for all 
readings. This instrument employs a 
1000-cycle a.-c. bridge and the gage cir- 
cuit is balanced against a dummy gage 
circuit for temperature compensation. 
The dummy gages used were the same type 
as the active gages and were cemented toa 
small piece of annealed steel which was 
kept at the same temperature as the plate 
containing the active gages. Care was 


taken to have the active gages and dummy 
gage from the same gage lot number. This 
was necessary to avoid having different 
temperature-resistance coefficients for the 


two gages and thus give incorrect tempera- 
ture compensation. 

Occasional variations in gage resist- 
ance necessitated the insertion of 1 or 2 
ohms into the circuit in order to balance 
the bridge. This was accomplished by a 


fixed resistance box. The equipment con- 
sisting of dummy, indicator, leads, plug 
with attached gages, and resistance box 
used in the experimental work is shown in 
Fig. 1. 

When taking strain gage readings, fre- 
quent checks were made to insure stability 
of readings. Whenever a gage reading 
proved unstable, a new gage was cemented 
in its place. 

After the initial strain gage readings 
had been recorded, the gage leads were 
carefully folded back over the gages. 
On the top side of the panel the gages 
were then covered with heavy wrapping 
paper which was held down by cellulose 
or Scotch tape. The gages and leads were 
thus protected during the drilling opera- 
tion 

All panels of the same size were sup- 
ported in like manner so that the stresses 
due to bending of the panel under the 
action of its own weight would be the 
same. 


3. Procedure for Removing Plugs Con- 
taining Gages.—Relaxation was accom- 
plished by removing the plugs containing 
the gages by drilling a series of tangent 
'/,in. holes around each plug Drilling 
such small holes minimized and localized 
the heating so the strain gages were not 
damaged or the stress conditions changed. 
This method of removal was verified ex 
perimentally by removing plugs from bars 
subjected to known stress and noting the 
relaxation of the plug. As the work pro- 
gressed it was found convenient to remove 


Fig. 2—Drill Rig for Removing Plugs 
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a strip of plate containing a number of 
gages and then to subdivide this strip into 
individual squares approximately 2 x 2 in. 
for the 1-in.-thick plate, each square con- 
taining a gage, top and bottom. Care was 
taken not to heat the gage during drilling 
or sawing so that its reading would be 
affected. 

It was standard practice for removing 
any gage located on a weld to drill the first 
holes across the weld so as to prevent the 
possibility of the material under the gage 
being subjected to additional plastic flow. 

Drill stands and jigs were designed and 
constructed which permitted the drilling of 
slightly overlapping '/,-in. holes either on 
a 2'/»-in. diameter circle or in a straight 
line. These stands were held in place 
during drilling by magnetic chucks. 
Figure 2 shows one of the drilling units 
with a pneumatic drill attached and also 
one of the test panels after the various 
plugs had been removed. 

4. Method for Converting Measured 
Relaxation Strains to Residual Stresses.— 
The measured relaxations are assumed to 
be elastic, i.e., the relation between relaxa- 
tion strain and stress is taken to be a 
straight line. With this assumption, the 
residual stresses (ey, oy) existing in the 
plane of the plate at a given point are re- 
lated to the relaxation strains (ez, ¢y) at 
this same location by the well-known equa- 
tions of elasticity for a two-dimensional 
stress system, 


E 
= (ez + vey) 


E 
oy = + vez) 

E, the modulus of elasticity, or the slope 
of the relaxation stress-strain line, was 
taken to be 29 x 10° psi., and », Poisson’s 
ratio, was taken as 0.29. The strains, e, 
and ¢,, represent the relaxations as meas- 
ured on the surface of the plate in the two 
respective perpendicular directions. Con- 
sequently, the calculated stresses represent 
the changes in surface stress. 

The maximum stresses will, in general, 
not be represented by In order 
to find them, a third strain reading in a 
direction other than x and y is necessary. 
The rosette type gage with the 45° leg 
supplies this information. The mutually 
perpendicular principal stresses p, q 
(maximum and minimum) and the angle 
@ measured counterclockwise from the 
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Fig. 3—Slide Rule for Calculation of Stresses 


x-direction to the p-stress direction, are 
given by the relations 


E 
pb = (ep veg) 


2eus — (€z + ey) 


er ty 


tan 20 = 


@s = strain in direction 45° to x- and 
y-directions 
€> = maximum principal strain in 
p-direction 
+ ey 


V (ez — + (ey — es)? 


= minimum principal strain in 
q-direction 
Crt ly 
2 
v2 
us)? + (ey — us)? 


Rosette gages were used only at locations 
where it was desired to obtain information 
on the principal stresses and their direc- 
tions. In most cases of known symmetry 
merely x- and y-direction gages were used. 

To facilitate the calculation of stresses 
from strains, a slide rule was developed to 
solve the elastic stress-strain equations. 
A picture of this rule is shown in Fig. 3. 


Discussion 


1. Adequate experimental data on the 
linearity of stress and strain for conditions 
of multi-axial stress relief do not appear 
available. For the purpose of the assump- 
tion involved in this investigation such 
data should be obtained from specimens 
wherein the stresses have been established 
under conditions of plastic upset at welding 
temperatures. However, on the basis of 
published results of numerous experiments 
on uniaxial stress relief, there seems little 
reason to believe that any great departure 
from linearity exists. Further verifica- 
tion of this assumption was obtained from 
subsequent tests on the controlled loading 
of large welded plates. 

Nonlinear strains in the vicinity of the 
weld exist during the welding process and 
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cannot be used in the elastic stress-strain 
equations. 

2. The stresses in the thickness direc- 
tion of the plate influence the pattern of 
stress in the plane of the plate. Their 
neglect is justified only for very thin 
plate, but is made necessary by the in- 
ability to measure strain in the third 
direction. At the two free surfaces, how- 
ever, this third direction stress is neces- 
sarily zero, so the measured strains do 
indicate the true surface stress changes 
for linear conditions. Furthermore, it 
has been demonstrated by subsequent 
tests that the surface relaxation strains 
represent very closely the average of the 
relaxation strains across the thickness of 
the plate. 

3. Strains measured with gages of 
finite length are obviously averages over 
the corresponding gage lengths. Where 
stress gradients are steep, a long gage 
length is apt to give misleading results. 
To minimize this possibility for the weld 
stress measurements, short gage lengths, 
1/,in. and even !/, in. upon occasion, were 
used for measurements transverse to the 
weld and in the vicinity of the weld. 

4. The strain readings obtained in 
every case are measures of the relaxation 
on the surface of the plate under the gage. 
Strictly speaking, the computed stress 
represents the difference between the sur- 
face stress existing before drilling out the 
plug on which the gage is cemented and 
the surface stress after the plug is re- 
moved. The latter stress ordinarily is as- 
sumed to be negligible, and can exist only 
if some of the material across the thickness 
of the plug after removal is in compression 
and the rest in tension. Subsequent tests 
have shown that for plugs removed from 
the weld zone the surface of the re- 
moved plug is in considerable compres- 
sion, but that the change in surface stress 
is still very nearly equal to the change 
in stress averaged over the plate thickness. 

5. The SR-4 electrical resistance strain 
gage consists of a grid of fine wire which 
has a component of wire length in the 
direction normal to the gage axis which is 
several per cent of the total grid length 
This transverse component picks up strains 
in the direction perpendicular to the gage 
axis and thus introduces some error for 
any combination of strains ¢, and ¢, other 
than the one for which the gage was cali- 
brated. (The gages are calibrated fo: 
tensile conditions where ey = — vez, the loa’! 
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being in the x-direction.) An investiga- corrections for this error were not con- ment of residual weld stresses, averaged 


tion of this transverse effect for the gages sidered worth while and were not made. over the plate thickness, gives satisfactory 
was made. Although for certain combi- results. Experience has shown that the 
nations of strains the per cent error be- Conclusion over-all accuracy of this stress measure- 
comes very large, the error in absolute ment technique is within + 2000 psi. which 
amount was never greater than = 1000 Subsequent experimental work in the is within the limits of reproducibility of 
psi. and was usually very much less for the welding investigation has shown that the residual welding stresses using controlled 
strain combinations encountered. Thus method described here for the measure- standard welding procedures. 


(Continued from page 339-s) While the average for the low-strength welds falls above 
this point, the minimum is 250 Ib. below it. 

the minimum line for the high strength welds and the I believe it is evident that more consideration should 

design line. Although this is in part caused by the in- be given to the development of shear and weld spacing 

clusion of two sets of data in this portion of the curve, the design allowables. Army and Navy specifications on 

average single spot strength (2 in. spacing) is near the spot welding specify shear strength design allowables, 

maximum recommended strength for 0.040 material. but say nothing about weld spacing. 
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Fig. 2—Electromagnetic Stored Energy Spot Welds in 0.040-0.040 24ST Alclad. Curves Plotted from Data of 
Vedow,The Welding Journal, Research Suppl., Feb. 1946. 
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An Investigation of the Fatigue Strength 
of Spot Welds in the Aluminum Alloy 
Alclad 248S-T 


By W. F. Hess', R. A. Wyant', F. J. Winsor! and H. C. Cook’ 


Summary than the cracked weld. This effect tends In the process of selecting a proper re- 


. : to disappear for the lower ranges of stress, peated stress test, consideration wa: 
HIS report is one of a series of Prog- and also for the larger sizes of welds. This given to the fact that the most probable 
ress reports on aircraft spot-welding is to be expected because of the fact that type of loading resulting in fatigue failure 
research conducted at the Rensselaer for the lower ranges of stress and for large consists of a combined tension and shear 
Polytechnic Institute. The work de- welds, the failure tends to be through the effect on the spot weld. This effect may 
scribed in this report (was performed for heat-affected zone rather than through be produced by a series of waves in the 
the purpose of evaluating from the stand- the weld area itself. spot-welded sheet, approaching and stress- 
point of repeated stress some of the se The effect of the type of surface treat- ing the spot welds at a joint. The diffi- 
sults obtained in other parts of the experi- ment is found to be of secondary impor- culty of designing a simple test which 
mental program. In all of the studies tance compared to the effects described would simulate these conditions of spot. 
covered by this report the single-spot lap- above. Although both wire brushing weld loading, and the difficulty of analyz- 
weld type of specimen was used for reasons and chemical surface treatment were ing or measuring the different components 
which are discussed later in the report. investigated, insufficient work was done of stress in detail were such as to make the 
The tests consisted of repeatedly varying to reveal any significant difference. Since combined stress type of specimen im- 
the load on these specimens from fixed welds in wire-brushed material having practicable. The single-spot lap-weld 
minimum values of 10, 30 and 50% to equal shear strength with those in chemi- shear specimen was therefore chosen be- 
specific higher percentages of the static cally treated material also display ap- cause of its simplicity, and because equip- 
shear strength until failure occurred. proximately the same values of fatigue ment was available for this type of test. 
Studies were made to determine how the strength, it appears that the unfused Flexural tests of spot welds were avoided 
performance of this type of specimen is corona bond surrounding spot welds in and a direct tension machine was used to 
affected by the following factors: wire-brushed material, and which is stress the spot welds in shear because of 
1. Weld size or static shear strength. known to contribute appreciably to their the ease of measuring the stress to which 
2. Weld quality as evidenced bySound- shear strengths, must also contribute the weld was subjected. This report de- 
ness or by cracking revealed by equally to the fatigue strengths of spot scribes the investigations which were 
radiographs. welds in wire-brushed material. made to determine how the performance 
3. Surface treatment prior to spot A small amount of work involving the of the single-spot lap-weld specimen is 
welding. spot welding of unequal thickness combi- affected by such factors as weld size, pres- 
4. Thickness of material. nations indicates the interesting result ence of cracks, surface treatment prior 
5. Unequal thickness combinations. that in this case the fatigue strength is to welding, thickness of stoek and a combi- 
The investigation showed that the most very much higher than would be obtained nation of materials of unequal thickness. 
important of the above factors was the from equal thicknesses of the lighter gage. The work covered by this report has been 
sise of the spot weld. Whea the loading This behavior is probably related to the limited to the aluminum alloy, Alclad 
of the spot weht ts es ey ‘effect of the heavier sheet in preventing 24S-T, in several different thicknesses, 
centage of the static shear strength, small the bending of the shear specimen, Fur- some of the material having been wire 
welds show up to the best advantage ther investigation of this phenomenon brushed and some having been chemically 
However, 44 weit te ciel that should be undertaken, since it points to treated prior to welding. 
/ : the possibility that when a given thick- 
very small welds are more erratic from the of te 
standpoint of strength consistency. When ; po Description of Apparatus 


: ; section, higher fatigue strength may be 
the strength of the weld is expressed in 
terms of the actual pounds sustained for obtained. This is obviously an important Welding Equipment 


a given number of load cycles, large welds ad All of the welds used in this ‘nvestiga- 

appear to be superior in fatigue, although epecumens should be mede up for the i » mad storage welding 
ppe pe gue, oug purpose of checking this finding. tion were made on energy g 

very small welds may have a higher 


machines of both the condenser-discharge 
en strength than those of intermediate Introducti and electromagnetic stored energy types. 


With respect to the effect of soundness In the earlier stages of the research Fatigue Testing Machines 
of spot welds, it is evident that for the 


, program, spot welds were evaluated solely The fatigue specimens were tested in 
higher ranges of stress or shorter fatigue on the basis of static tests. The majority two Krouse direct-stress dynamic testing 
life the sound weld is appreciably stronger of these consisted of single-spot lap-weld machines, one of 4000 Ib. and the other 
shear tests. A limited number of U-type of 800 Ib. maximum load capaci 
prepared by the R.P.I. Welding Laboratory re- tension tests were also made for the purpose the former machine the specimen is r¢ 
search staff on spot-welding problems, equipment of comparing the behavior of Alclad ma- peatedly subjected to a strain which 's 
and technique. This investigation is under the I he latter 
joint auspices of the N.A.C.A.. the Army Air terial when subjected to these two types approximately constant. In the la 
— odd with. the emt Welding Com, of test. In the course of the work it machine the specimen is repeatedly sub 
mittee of the Welding Research Council. Other became increasingly desirable to subject jected to a stress which is approximately 
reports will be issued from time to time as the some type of spot-weld specimen to a constant and independent of elongation 
work, progresses in order to relay the information h 000-Ib chine 
to the aircraft industry es rapidly as possible. dynamic or repeated stress i. for the of the specimen. oe 4000-Ib. ma 
sere purpose of comparing spot welds pro- can accommodate only two specimens 4 
Troy, N.Y. duced under different welding conditions. a time whereas the 800-Ib. machine ca! 
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test five specimens at once. Two speeds 
of testing were employed, 1600 rpm. for 
the large machine and 1300 rpm. for the 
small machine. Figures 1 and 2 show the 
main features of both machines with 
specimens. in position. 

The variable load is applied to the 
specimen in the 4000-lb. machine by a 
load lever which is actuated by a variable 
throw crank. The force is transmitted to 
the specimen by means of a parallelogram 
system of four steel plate fulcra which 
produce a straight line motion and direct 
loading of the specimen. The mean load 
is adjusted by a loading screw. The 
magnitude of the static load is measured 
by the deflection of the load lever by means 
of a dial gage mounted on a test bar. A 
calibration curve of deflection readings as 
a function of load on the specimen was 
obtained from the Krouse Co. and repro- 
duced in this laboratory. The factory 
method of calibration utilized dead weights 
applied to the lower specimen holder. 
The laboratory technique used a General 
Electric gage designed to measure elec- 
trode force in spot-welding machines. 
This gage was mounted in a stirrup fixture 
in the upper grip with a strap passing over 
it to the lower grip. Walues of load on 
this gage were recorded for varying load 
lever deflections. Microswitches on the 
specimen holders are tripped by excessive 
elongation of the specimen, thus breaking 
the circuit and stopping the magnetic 
counters and motor drive. 

The method of operation of the 800-lb. 
machine is very similar to that of the 4000- 
Ib. machine. Instead of employing a load 
lever, however, the deflection of a coiled 
spring is calibrated against the magnitude 
of the load. This deflection is measured 
by a dial gage which is set on gage points 
on the spring. The range of load is 
varied by means of a variable throw crank 
which is driven through a positive clutch. 


Lb. Capacity 


Fig. 2 (Right)—Krouse Direct-Stress-Fatigue Machine; 5 
Units; 800 Lb. Capacity 
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Fig. 1—Krouse Direct-Stress-Fatigue Machine; 2 Units; 


Minimum load on the specimen is adjusted 
approximately by means of the screw sup- 
porting the upper specimen holder. Final 
adjustment of the minimum load is made 
by a screw on the push rod which com- 
presses the spring and loads the specimen. 
A parallelogram system is also used in this 
machine to produce straight line motion 
and direct loading of the specimen. The 
clutch is set on starting the machine and 
held engaged by a solenoid. When the 
specimen fails the microswitch attached 
to the load arm opens the solenoid circuit. 
This in turn releases a brake and disen- 
gages the clutch, stopping further rotation 
of the crank. The calibration of this 
machine was made at the factory and 
checked at this laboratory by the same 
methods described for the larger machine. 


General Procedure 


In the early work a total of 12 single- 
spot lap-weld fatigue specimens and three 
single-spot static shear specimens were 
made for each condition investigated. 
In addition, a five-spot strip of welds for 
metallographic examination was prepared. 
The surface treatment prior to welding 
varied from no treatment at all following 
the regular degreasing in one case to wire 
brushing for several series and to chemical 
treatment in solutions Nos. 10 and 14 
for other series of welds.! All specimens 
were radiographed after welding to de- 
termine the presence and extent of crack- 
ing. The static shear specimens for each 
series were tested in a Baldwin-Southwark 
hydraulic testing machine. Welds from 
the five-spot strips were sectioned for 
metallographic examination. 

In determining the fatigue loading for 
each series of welds the ranges of stress 
were computed on the basis of the average 
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value of the three measurements of static 
shear strength. Range of stress may be 
defined as the difference between the maxi- 
mum stress and the minimum stress ap- 
plied to the specimen. The type of loading 
applied to the specimens in this investiga- 
tion consisted of a pulsating tensile stress 
on the sheet (shear stress on the weld) 
superimposed on a steady tensile stress. 
In the early work the minimum stress 
was set equal to 10% of the average static 
shear strength of each series of welds, and 
the maximum load was varied from 20 
to 70% of the average static shear strength 
in increments of 10%. Later, minimum 
stresses of 30 and 50% were adopted in 
addition to the 10°, minimum stress in 
order to determine the effects of higher 
mean loads on the fatigue strength. 
These new load values required 14 more 
lap-weld specimens, for each condition in- 
vestigated, in addition to the 12 fatigue 
specimens originally mentioned. 

This stress cycle may also be defined as 
a shear-to-lesser shear stress. This des- 
ignation is similar to that adopted by 
Committee F on Fatigue Testing of the 
Welding Research Council.? The reason 
for using this type of loading rather than 
applying stress from zero to shear is that 
with the latter condition it is extremely 
dificult to set zero load accurately. 
Consequently there is the attendant 
danger of buckling or compressive loading 
which is undesirable for the type of speci- 
men used. 

Two specimens were tested for each 
range of stress, the number of pulsations 
of stress until failure being recorded for 
each specimen. A plot of the maximum 
load, expressed as a percentage of the 
average static shear strength, against the 
number of fatigue cycles to failure was 
then made for each series of welds. 
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Fig. 3—Fatigue Failures in Alclad 24S-T Showing Effect of Range of Stress. (Range 
indicated bengath each specimen) 


Discussion of Results 


It has been observed in this investiga- 
tion that the majority of the static test 
specimens broke in shear across the 
welds, and that only a few failed by tear- 
ing buttons. The type of fracture of spot- 
welded specimens subjected to dy- 
natmically applied loads varied with the 
range of stress. Other investigators have 
also reported this phenomenon.’ At the 
higher ranges of stress some specimens 
failed with a shear type fracture across 
the welds, and some failed by tearing 


buttons. As the range of stress was de- _ 


creased the tendency was away from 
either a shear or tearing type fracture 
toward failure by cracks originating in 
the heat-affected zone surrounding the 
weld where the stress concentration is 
greatest. These fatigue cracks propagated 
transversely across the sheet. Photo- 
graphs showing the effect of range of 
stress on the type of fatigue failure for 
0.040- and 0.064-in. material are shown 
in Fig. 3. 


Effect of Weld Size on Fatigue Strength— 
Preliminary Work 


Figure 4 is presented as a good example 
of the effect of weld size on fatigue 
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strength. The higher curve represents a 
series of small welds in 0.064-in. material 
having an average shear strength of 587 


lb. The lower curve represents a serics 
of welds having an average shear strength 
of 952 Ib. which is a good value for this 
gage of material. It should be noted that 
the maximum load is expressed as a per- 
centage of the average static sh, ar 
strength. These curves indicate tha: 
small welds perform more efficiens|y 
under fatigue loads than large welds. | 

Figures 5 and 6 also show the effect 
of weld size. While the welds upon which 
these curves are based were made on two 
types of equipment, it is believed that the 
difference between the curves is primarily 
due to weld size. The welds represented 
by Fig. 5 had an average shear strength 
of 865 Ib. and they were made on an 
electromagnetic energy storage type of 
welder using a variable pressure cycle. 
The welds represented by Fig. 6 had an 
average shear strength of 1497 Ib. and 
were made on a_ condenser-discharge 
welder equipped with the forging feature. 
The latter welds were abnormally large 
for crack-free welds in this gage. These 
data confirm the observation made in 
connection with Fig. 4, that the fatigue 
life of the smaller welds expressed as a 
percentage of the average static shear 
strength is greater than that of the larger 
welds at any given maximum load. 
Further observations of this effect of weld 
size on fatigue strength may be made by 
comparing Fig. 7 with Fig. 8 and Figs. 7 
and 8 with Figs. 9 and 10. 

Data from the above figures and other 
fatigue curves obtained in this investiga- 
tion are presented in Table 1 to show the 
effect of weld size upon the range of stress 
for different fatigue life values. If the 
range of stress is expressed as a percentage 
of the average static shear strength, these 
data show that the range of stress grad- 
ually decreases as the weld size increases. 
This is true for both sound and cracked 
welds and particularly so at the higher 
ranges of stress. As the number of cycles 
to failure approaches 10,000,000 the per- 
centage range of stress generally ap- 
proaches the same value for all sizes of 
welds. Although the fatigue strength, 
expressed as a percentage of the average 
static shear strength, decreases with 
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increasing weld size, Table 1 shows that 
the fatigue strength in actual pounds is 
higher for large welds than for small 
welds. 

Previous work on the fatigue strength 
of spot welds in Cor-Ten low-alloy steel 
and high-tensile stainless steel in which the 
type of loading was considerably different 
from that used in this investigation showed 
that the fatigue strength first decreased 
and then increased as the size of the weld 
increased. This same phenomenon has 
been observed in this investigation in 
both the 0.040- and 0.064-in. series. Thus 
in Table 1 it may be seen that the range 
of stress in pounds for each value of fatigue 
life shown generally decreases at first and 
then increases with increasing weld size. 


Effect of Weld Quality on Fatigue Strength 


For the purposes of this report the term 
weld quality is taken to indicate the 
presence or absence of cracks in the welds. 
In general, it is difficult to compare the 
fatigue life of cracked welds with that 
of crack-free welds unless the average 
static shear strength is nearly the same 
for both series of welds. This is true be- 
cause the effect of weld size tends to mask 
the effect of weld quality on fatigue life. 
Figure 7 indicates that crack-free welds 
have a higher fatigue strength than welds 
containing internal cracks. However, the 
apparent difference may have been due in 
part to the difference in weld size. As 
previously observed, the larger welds 
would be expected to have slightly lower 
fatigue strengths, based on percentage 
of shear strength. Figure 8 shows the 
result of a fatigue study of very large 
welds in 0.040-in. material. Two sets 
of points are shown for both sound and 
cracked welds. The results indicate that 
weld quality has little effect on fatigue 
strength when the welds are abnormally 
large. This is to be expected because in 
the case of large welds the failure tends to 
be through the heat-affected zone adjacent 
to the weld rather than through the weld 
area itself. 

To confirm the above indication of the 
effect of weld quality on fatigue strength 
two independent series of crack-free and 
internally cracked welds were made and 
tested. In both series the average shear 
strength was kept approximately constant 
by the use of identical welding conditions, 
which normally produce sound, crack-free 
welds. In each series the cracked welds 
were produced simply by elimination of 
the forging force. The results are shown 
in Fig. 9 and indicate that the presence of 
internal cracks lowers the fatigue life of 
spot welds by a factor of two or more. 
The results shown in Fig. 10 were obtained 
for the purpose of checking those shown 
in Fig. 9. The curves shown in Fig. 11 
represent two types of defective welds in 
0.064-in. material. It is believed that the 
difference between the curves may have 
been due to the difference in weld size. 

From Table 2 it is apparent that the 
576-lb. cracked welds are inferior to the 
620-Ib. crack-free welds, although the 
difference in weld size should favor the 
cracked welds if the fatigue strength is 
expressed as a percentage of the average 
static shear strength. It may be seen 
from Table 2 that with increasing weld 
strength in 0.040-in. wire-brushed ma- 
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terial the fatigue life becomes more and 
more independent of weld quality. Thus 
the percentage range of stress for 5000 
cycles decreases almost proportionately 
to an increase in shear strength for the 
645-, 675- and 694-lb. weld series. With 
extremely large welds in 0.040-in. wire- 
brushed material such as the 915- and 
975-lb. welds of Table 2 the percentage 
range of stress for any particular fatigue 
life bears little or no relationship to the 
weld quality. The series of crack-free 
and cracked welds in chemically treated 
0.040-in. stock, both having an average 
shear strength of 585 Ib., clearly illustrate 
the decrease in range of stress for any 
particular fatigue life due to cracks in 
the welds. 

With regard. to the 0.064-in. wire 
brushed series in Table 2 little can be 
said regarding the effects of weld quality 
on the range of stress. The average static 
shear strength of 755 lb. for the first set 
of cracked welds is very low for 0.064-in. 
wire-brushed material, and the 869- and 
885-Ib. weld series are small welds for 


this gage and surface treatment. While 
good fatigue curves from the standpoint 
of consistency were obtained from these 
series of welds the fatigue strengths were 
very low, and the fatigue strength had 
little or no relationship to weld quality. 

From these data it is quite apparent 
that differences in weld size have a greater 
effect on fatigue strength than do differ. 
ences in weld quality. If the weld size js 
either particularly large or small for the 
gage and surface treatment under con- 
sideration, then the fatigue strength wij! 
have little or no relationship to the weld 
quality. In moderate-sized welds, how- 
ever, cracks tend to lower the fatigue 
strength especially at the higher ranges 
of stress. 


Effect of Type of Surface Preparation 
Figure 12 is presented to show the 
effect of surface preparation prior to spot 
welding on the fatigue strength of spot 
welds in 0.040-in. Alclad 24S-T. These 
data show that with welds having nearly 
the same average shear strength there 
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Gage, Weld 
In. Surface Treatment Quality 

0.082 Chem. treated Sound 
0.040 Wire brushed Cracked 

Chem. treated Sound 

Untreated Sound 

Chem. treated Sound 

Wire brushed Sound 

Wire brushed Sound 
Wire brushed Cracked 

Wire brushed Sound 

Wire brushed Sound 
Wire brushed Cracked 

0.064 Wire brushed Sound 
Wire brushed Cracked 

Wire brushed Sound 
Wire brushed Porosity 

Wire brushed Sound 

Wire brushed Sound 


Table 1—Effect of Weld Size on Fatigue Strength of Spot Welds in Alclad 24S-T 


Strength, 
Lb. 
345 
460 
576 


952 


1497 
io Refers to per cent of the average static shear strength. 


Range of Stress to Failure Within 
50,000 Cycles 500,000 Cycles 5,000,000 _— 
Q% % Lb. Lb. 


Lb. % % 

136 28 97 19 66 
176 26 143 16.5 104 
187 22 127 13 75 
228 25.5 149 20.5 120 
240 25 150 13 78 
229 24 145 16 96 
226 25 155 17.5 109 
220 20 129 10 65 
212 20 135 12.5 84 
226 20 139 11 76 
260 20 183 13 119 
278 20 195 13 127 
mis 43 252 24.5 143 
351 28 212 14 106 
346 26 225 14 121 
372 27.5 244 13 115 
457 28.5 271 14.5 138 
412 20 300 15.5 232 
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645 49 316 str 
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694 43.5 302 32.5 ab 
915 39 356 28.5 th 
975 39 381 ve 
755 58.5 441 46.5 
865 54.5 471 40 E 
885 54 478 42 | 

Se 


Table 2—Effect of Weld Quality on Fatigue Strength of Spot Welds in Alclad 24S-T 
Av. Static 


Gage, Weld 
In. Surface Treatment Quality 

0.040 Wire brushed Cracked 
Wire brushed Sound 
Wire brushed Sound 
Wire brushed Cracked 
Wire brushed Sound 
Wire brushed Sound 
Wire brushed Cracked 
Chem. treated Sound 
Chem. treated Cracked 

0.064 Wire brushed Cracked 
Wire brushed Sound 
Wire brushed Porosity 


Shear — 

Strength, 5000 Cycles 
Lb. %* Lb. 
576 42 242 
620 50.5 313 
645 49 316 
675 45.5 307 
694 43.5 302 
915 39 356 
975 39 381 
585 55.5 325 
585 43.5 254 
755 58.5 441 
865 54. 471 
885 54 478 


* Refers to per cent of the average static shear strength. 


—_—____—_—_—-Range of Stress to Failure Within 
50,000 Cycles 


500,000 Cycles 5,000,000 Cycles 


Lb. Lb. Lb. 
32.5 187 22 127 13 75 
36.5 226 25 155 17.5 109 
34 220 20 129 10 65 
31.5 212 20 135 12.5 84 
32.5 226 20 139 11 76 
28.5 260 20 183 13 119 
28.5 278 20 195 13 127 
39 228 25.5 149 20.5 120 
31.5 185 21.5 126 16 O4 
46.5 351 28 212 14. 106 
40 346 26 225 14 121 
42 372 27.5 244 13 115 
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is only a very slight advantage of the 
chemically treated over the wire-brushed 
material. The untreated material also 
shows a slight improvement over the 
chemically treated material. These ex- 
periments should be repeated to verify 
the existence of any advantage of one 
type of treatment over another, since the 
data at hand are too limited to be con- 
clusive. There is reason to believe that 
differences in surface preparation will 
affect fatigue life only in so far as they 
affect the static shear strength of the 
welds. The data from the above figure 
are summarized in Table 3. It should 
be noted that in this table the range of 
stress for any type of surface treatment 
and for any given fatigue life lies within 
about *5% of the average range for all 
three types of surface treatment. These 
variations are probably within the ac- 
curacy of the tests. 


Effect of Material Thickness 


Fatigue curves of spot welds made in 
0.025- and 0.040-in. materials are pre- 
sented in Fig. 13. Here the relationship 
of the weld size to the thickness of ma- 
terial being welded plays a very important 
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part in determining the relative positions 


of the curves. In this particular case 
welds having average shear strengths of 
330 and 600 Ib. in the 0.025- and 0.040-in. 
gages, respectively, were considered to 
be comparable. It was apparent that for 
any given fatigue life the range of stress 
increases with the thickness of the ma- 
terial, particularly at the higher loads. 
Fatigue curves are presented in Fig. 14 
for two combinations with respect to 
sheet thickness, namely 0.032-0.032 in. 
and 0.032 to 0.051 in. The welds in 
the gage combination, 0.032-0.051 in. 
exhibit a much higher percentage range 
of stress for any fatigue life than welds 
in the equal thickness combinations. The 
fatigue strength for this series of welds 
is very high compared with both series 
of welds made in the 0.032-in. equal thick- 
ness combination. An explanation for this 
is that in a lap-weld specimen of unequal 
thickness combination the thicker sheet 
gives stiffness to the specimen. There is 
less bending during the stress pulsations 
and the weld is stressed more nearly in 
pure shear. Welds having an average 
shear strength of 500 Ib. would be ex- 
tremely large for two sheets of chemically 
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treated 0.032-in. material and very small 
for chemically treated 0.051l-in. stock. 


Effect of Varying the Ratio of the Minimum 
Load to the Average Static Shear Strength 


The earlier part of this investigation 
was devoted to preliminary studies of the 
fatigue properties of spot welds at mean 
stress values of less than 40% of the 
average static shear strength of the welds. 
This part of the investigation was under- 
taken in order to obtain further informa- 
tion on the effects of weld size and ma- 
terial thickness on fatigue properties of 
single-spot lap-weld specimens at higher 
mean loads. As has previously been 
mentioned, the type of loading applied 
to the specimens in this investigation 
consisted of a periodically varying tensile 
stress on the sheet (shear stress on the 
weld) superimposed on a steady tensile 
stress (the mean load). In addition to 
tests made with a minimum stress of 10% 
of the average static shear strength of the 
welds, as in the previous work, tests were 
made with minimum stresses of 30% and 
50% of the shear strength. 

For the purposes of this part of the 
investigation five sets of fatigue specimens 
were welded in each of the 0.020-, 0.040- 
and 0.064-in. gages, following chemical 
surface treatment. All of the welding 
conditions, except the current, were held 
constant for each gage and five different 
values of welding current were used in 
order to produce welds covering a wide 
range of shear strengths. 

Figures 15 to 29 present the fatigue 
curves obtained, and Tables 4 to 6 record 
relative data from these curves for com- 
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of larger welds with uniform fusion, as jg 
shown in Figs. 19 and 24. These so-calleq 
“dud” welds tend to give much steeper 
curves than larger welds. The slope of 
the curves seems to decrease gradually as 
the fusion becomes more uniform and the 
weld size increases. Inasmuch as the 
shear strength consistency of these dud 
welds is ordinarily very poor, the true 
relationship of the fatigue load to the 
shear strength of the weld being tested 
cannot be determined. Considerable scat- 
ter in the points of a fatigue curve for 
small welds is therefore to be expected, 
That such scatter is not apparent in the 
300- and 685-lb. welds in 0.064-in. stock 
is remarkable. The values of average 
shear strength of 217 Ib. in 0.040-in. and 
300 Ib. in 0.064-in. material are very mis- 
leading since, in the specimens used for 
fatigue testing, it was possible to apply 
loads greater than the average shear 


strengths without immediate failure. The . 


fatigue specimens for welds in 0.020-in. 
material, Fig. 15, having an average shear 


a . 
ttt 


parison. 


t at 


From these curves and tables 
it will be noted that in general the per- 
centage range of stress decreases with 
increasing weld size, substantiating earlier 
observations on the effect of weld size on 
fatigue strength. The data also show that 
the fatigue strength decreases somewhat 
as the material thickness decreases, and 
this effect is more pronounced for the 


higher load—lower life values. 


The fatigue properties of very small 
incomplete fusion are 
markedly different from the properties 


welds 


having 
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strength of 180 Ib., contained several dud 


welds which broke 
loading. 


immediately upon 


results were not representative of the 
fatigue specimens. 


Analysis of the Tables 4 through 6 


reveals that the ranges of stress obtained 


with minimum stresses of 30% are about 


75% of those obtained with minimum 


stresses of 10%, for the same number of 
fatigue cycles in any case. 


stress obtained with minimum stresses 
of 50% are about 60% of those obtained 


Table 3—Effect of Surface Preparation Prior to Spot Welding on Fatigue Strength of Spot Welds in Alclad 24S-T 


Gage, Weld 
In. Surface Treatment Quality 
0.040 Untreated Sound 
Chem. treated Sound 

Wire brushed Sound 


Av. Static 
Shear 
Strength, 
Lb. 


600 
602 
620 


5000 Cycles 

% b. 
55.5 333 
52 313 
50.5 313 


Range of Stress to Failure Within 


50,000 Cycles 

% Lb. 
40 240 
38 229 
36.5 226 


500,000 Cycles , 5,000,000 Cycles 
or. or 


Lb. Lb. 
25 150 13 78 
24 145 16 96 
25 155 17.5 109 
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with minimum stresses of 10°, for the 
same number of fatigue cycles. 


Conclusions 


As has already been noted, the results 
of these fatigue tests of spot-welded 
Alclad 24S-T are based upon single-spot 
lap-weld specimens. Fatigue curves were 
obtained by subjecting the welds to pul- 
sating shear stresses, the minimum value 
of each stress pulsation being held con- 
stant for each fatigue curve. This method 
of testing was adopted because it makes 
the loading of the specimens in the fatigue 
testing machine more simple, and because 
more comparative information may be 
obtained from a single fatigue curve, 
with respect to the effect of different 
welding conditions, then can be obtained 
by other methods of loading. The method 
of loading used in this investigation results 
in variation of mean stress as the maxi- 
mum stress on the specimen changes. 
For purposes of structural design, it might 
be preferable to obtain families of curves 
showing the range of stress as a function 
of fatigue life which the weld can sustain 
at particular values of mean stress. How- 


ever, the necessity for avoiding compres- 
Pte Hi “jaagot | 4ST sive stress in the type of specimen used 
4 in this investigation, makes loading at 
ave. ria constant mean stress impracticable, be- 
Tit Be cause of the very small number of points 
3 lz By which could be obtained for a given curve, 
+ $$ } | 
it mans ee ee except in the case of a mean stress of 
SP fore be much more difficult, owing to the 
H rH tH i necessity of comparing families of curves 
4 + +4 having a small number of points, rather 
NUMBER OF FATIGUE CYCLES TO FAILURE . FIG. 15 Appendix to this report. 
Table 4—Fatigue Tests of Spot Welds in 0.020-In. Alclad 24S-T 
Av. Static Min. 
Material Shear Applied —————— -Range of Stress to Failure Within—— — 
Weld Thickness, Strength Stress, 5000 Cycles 50,000 Cycles 500,000 Cycles 5,000,000 Cycles 
No. In. (3 Welds) % % Lb. q Lb. % Lb. q Lb. 
2A26 0.020 180 10 40.5 73.0 25.5 45.9 18 32.4 13 23.4 
30 33 59.4 22 39.6 
50 26 46.8 19 34.2 
2A27 0.020 200 10 47.5 95 34 68 26 52 17 34 
30 38 76 22 44 15 30 9 18 
50 32 64 19 38 12 24 
2A28 0.020 238 10 40 95.2 30.5 72.6 19.5 46.4 14 33.3 
30 35 83.3 21.5 51.1 11.5 27.4 
50 28 66.6 17 40.4 ‘ 
Sa29 0.020 27: 10 42 114 29.5 80.5 20 54.6 14 38.2 
30 31.5 86 21.5 58.7 12 32.8 
50 22.5 61.5 15 41 9.5 26 
2A30 0.020 292 10 40 117 28.5 83.3 20.5 59.9 15.5 45.3 
30 33.5 97.8 22 64.2 11 32.1 7.5 21.9 
50 27.5 80.3 21 61.3 14.5 42.4 8.5 24.8 
All per cent values refer to per cent average static shear strength of welds. 
1946 FATIGUE STRENGTH OF ALUMINUM SPOT WELDS 351-s 
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Table 5—Fatigue Tests of Spot Welds in 0.040-In. Alclad 24S-T 


Av. Static Min. 
Material Shear Applied - Range of Stress to Failure Within--——_—_____ ‘ 
Weld Thickness, Strength, Stress, 5000 Cycles 50,000 Cycles 500,000 Cycles 5,000,000 Cycles 
No. In. Lb. % % Lb. % Lb. % Lb. % Lb. 
4A88 0.040 217 10 a 83.5 181 75 163 55 119.5 
30 sb 72 156.3 53 115 42.5 92.3 
50 o4 cea 53.5 116 45.5 98.8 38 82.5 
4A89 0.040 543 10 58 315 40.5 220 29.5 160 15.5 84.1 
30 ; Wad 26.5 144 18.5 100.5 13.5 73.3 
50 KS aed 22.5 122 14 76 10 54.3 
4A90 0.040 650 10 55.5 361 35.5 231 31.5 205 13 84.5 
30 40.5 263 27 175.5 14 91 10 65 
50 ‘i at's 21.5 140 10.5 68.3 
4A91 0.040 823 10 43 354 32 264 18 148 11.5 94.7 
? 30 35.5 292 21.5 177 17 140 13 107 
! 50 ih ie 20 165 14.5 119 8.5 70 
4A92 0.040 963 10 40 385 28 270 17 164 9.5 91.5 
30 36 346 24 231 12.5 120 ; 
50 9% 20 192.6 10 96.3 
are All per cent values refer to per cent average static shear strength of welds. 
—-— 
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6A34 


6A35 


6A36 


Thickness, 


In. 
0.064 


0.064 


0.064 


0.064 


0.064 


Table 6—Fatigue Tests of Spot Welds in 0.064-In. Alclad 24S-T 


Av. Static 
Shear 
Strength, 
Lb. 
300 
685 
940 


1107 


1323 


Min. 


Applied 


Stress, 
oy 


5000 Cycles 

% Lb. 
59.5 559 
52.5 580) 
40 4438 
51 675 
41 543 
33 437 


All per cent values refer to per cent average static shear strength of welds. 


As a result of this investigation the 
following conclusions may be drawn: 

1. Fatigue failure at the higher ranges 
of stress (short life) generally occurs by 
a shear fracture across the weld or by 
tearing the weld out of the sheet in the 
form of a button. Tearing is more apt 
to occur only in the thinner gages. At 
the lower ranges of stress (long life) failure 
occurs by propagation across the sheet 
specimen of cracks originating in the heat- 
affected zone of the weld. 

2. The size of the weld is the most 
important variable which affects the fa- 
tigue strength of spot welds in Alclad 
24S-T. The following relationships have 
been noted: 


(a) The range of stress, expressed as a 
percentage of the average static 
shear strength, decreases with 
increasing weld size for any 
given fatigue life. 

(b) The fatigue strengths on the basis 

of actual load in pounds, are 

greater for large welds than for 
small welds. With the type of 
loading used in this investiga 
tion, the mean stress increases 


50,000 Cycles 
70 


Lb. 


—Range of Stress to Failure Within-— 


500,000 Cycles 5,000,000 Cycles 

% Lb. % Lb 
97.5 293 60 180 

« 56.5 169.5 

158 
38 260 25 171 
33.5 230 24.5 168 
26 178 20 137 
29 273 15 141 
23.5 221 13 122 
15.5 146 7 66 
22.5 249 11.5 127.3 
18 199 12.5 138.3 
12.5 138 
19.5 258 12 159 
18.5 245 10 132 
14.5 192 
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MAXIMUM LOAD ~ % AVE. STATIC SHEAR STRENGTH 
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with both size of weld and range 
of stress. In this case the range 
of stress in pounds for any given 
life increases only slightly in 
some cases with increasing weld 
size, and in other cases decreases 
first and then increases as the 
weld size increases 

The effect of increasing weld size 
on increasing the fatigue strength 
appears to be more pronounced 

for thinner gages of material. 


3. The effect of weld quality on fatigue 
life, as determined by the presence or 
absence of cracks, depends principally 
on weld size. Crack-free welds of moderate 
size have a higher fatigue strength, par- 
ticularly at the shorter values of fatigue 
life, than cracked welds of the same size. 
The fatigue strength of very small welds 
or very large welds has little relationship 
to the weld quality. 

4. Differences in type of surface treat- 
ment prior to spot welding have an effect 
on the fatigue strength of the welds only 
in so far as these differences affect the 
static shear strength of the welds. 

5. In general, expressed as a percentage 
of static shear strength, the range of stress 
for any given fatigue life, increases with 
material thickness. 

6. The fatigue strengths of spot welds 
in unequal thickness combinations of two 
sheets are higher than those of spot welds 
in two sheets of the thinner material 

Fatigue data obtained for spot welds 
by loading with one type of stress cycle 
may be analyzed so as to predict fatigue 
life for other types of loading. Effects of 
weld size and quality may be estimated 
from the relationships developed in this 
investigation. Methods of analysis of 
fatigue data are presented in the Ap- 
pendix. 


Appendix A 


Analysis of Fatigue Properties of Spot 
Welds 


For the purpose of analyzing spot-weld 
fatigue data, various graphical construc- 
tions may be employed. In this investi- 
gation the type of loading was such that 
the minimum load was always a definite 
fraction of the average static shear 
strength. For this case, the mean load, 
expressed as a fraction of the average 
static shear strength, may plotted 
against the ratio of the minimum load to 
the maximum load. This latter ratio is a 
measure of the range of stress. Such a 
curve expresses the relationship between 
mean stress and range of stress, and bears 
no inherent relation to fatigue life. The 
relationship between mean stress and 
range of stress as defined above may be 
expressed by the following equation: 


R(5-335) 

Ss 23 25 

where m/S is a constant for the type of 
loading used in this investigation. 

In this case the equation represents one 
of a family of hyperbolic curves. Similar 
curves may be plotted whenever the type 
of loading is such that the minimum 
fatigue load is taken as a different fraction 
of the average static shear strength. The 
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Surface 
Treatment 


Chem. treated 
Chem. treated 
Wire brushed 
Wire brushed 
Wire brushed 
Wire brushed 
Wire brushed 
Wire brushed 
Wire brushed 
Chem. treated 
Chem. treated 
Wire brushed 
Wire brushed 
Wire brushed 
Wire brushed 
Wire brushed 
Wire brushed 


Weld 
Quality 
Sound 
Sound 
Sound 
Sound 
Sound 
Sound 
Cracked 
Cracked 
Cracked 
Sound 
Sound 
Sound 
Sound 
Sound 
Sound 
Cracked 
Porosity 


minimum fatigue load 


maximum fatigue load’ 


Av. Static Shear 
Strength, Lb. 
345 (med.) 

460 (large) 

620 (med.) 

645 (med.) 

694 (large) 

915 (very large) 
576 (small) 

675 (large) 

975 (very large) 
585 (large) 

602 (large) 

587 (very small) 
865 (small) 


952 (med.) 


1497 (very large) 
755 (very small) 
885 (small) 


Table 7—Effect of Weld Size in Determining Position on Ratio Diagram 


Ratios Expressing Mean Stress and Range of Stress 


5000 Cycles 50,000 Cycles 500,000 Cycles 5,000,000 Cycles 
F/S* Rt F/S R F/S R F/S R 
0.34 0.173 0.295 0.204 0.24 0.263 0.195 0.345 
0.335 0.176 0.29 0.208 0.23 0.278 0.1838 0.377 
0.35 0.167 0.28 0.218 0.225 0.283 0.175 0.400 
0.345 0.17 0.27 0.228 0.20 0.333 0.15 0.500 
0.318 0.187 0.263 0.236 0.20 0.333 0.155 0.476 
0.295 0.204 0.243 0.260 0.20 0.333 0.155 0.476 
0.31 0.192 0.263 0.236 0.21 0.313 0.165 0.435 
0.325 0.182 0.263 0.236 0.20 0.333 0.165 0.435 
0.30 0.20 0.25 0.25 0.188 0.364 0.145 0.526 
0.37 0.156 0.295 0.204 0.235 0.27 0.223 0.308 
0.355 0.164 0.295 0.204 0.233 0.274 0.175 0.400 

0.455 0.123 0.415 0.137 0.22 0.294 
0.373 0.155 0.295 0.204 0.22 0.294 0.183 0.377 
0.35 0.167 0.313 0.191 0.24 0.264 0.18 0.384 
0.288 0.210 0.238 0.266 0.20 0.333 0.175 0.400 
0.388 0.148 0.325 0.182 0.238 0.267 0.16 0.454 
0.375 0.154 0.31 0.192 0.238 0.267 0.16 0.454 


° Ratio of the mean stress to the average static shear strength. 
1 Ratio of the minimum applied stress to the maximum applied stress. 


F = mean fatigue load. S = average static shear strength. 


Gage, 
In. 
0.040 
0.040 
0.040 
0.040 
0.040 
0.040 
0.040 
0.040 
0.040 
0.064 
0.064 
0.064 


R= 


Surface 
Treatment 
Wire brushed 
Wire brushed 
Wire brushed 
Wire brushed 
Wire brushed 
Wire brushed 
Wire brushed 
Chem. treated 
Chem. treated 
Wire brushed 
Wire brushed 
Wire brushed 


Weld 
Quality 
Cracked 
Sound 
Sound 
Cracked 
Sound 
Sound 
Cracked 
Sound 
Cracked 
Cracked 
Sound 
Porosity 


Av. Static Shear 
Strength, Lb. 
576 (small) 
620 (med.) 
645 (med.) 
675 (large) 
694 (large) 
915 (very large) 
975 (very large) 
585 (large) 
585 (large) 
755 (very small) 
865 (small) 


885 (small) 


* Ratio of the mean stress to the average static shear strength. 
+ Ratio of the minimum applied stress to the maximum applied stress. 
minimum fatigue load 


maximum fatigue load’ 


5000 Cycles 
F/S* Rt 
0.31 0.192 
0.35 0.167 
0.345 0.17 
0.325 0.182 
0.318 0.187 
0.295 0.204 
0.30 0.20 
0.37 0.156 
0.33 0.179 
0.388 0.148 

7 0. 
0. 


50,000 Cycles 
F/S R 
0.263 0.236 
0.28 0.218 
0.27 0.228 
0.263 0.236 
0.263 0.236 
0.243 0.260 
0.25 0.25 
0.295 0.204 
0.265 0.232 
0.325 0.182 
0.295 0.204 
0.31 0.192 


F = mean fatigue load. S = average static shear strength. 


Table 8—Effect of Weld Quality in Determining Position on Ratio Diagram 


500,000 Cycles 


F/S 
.225 


oo 


Ratios Expressing Mean Stress and Range of Stress——-—-— 
5,000,000 Cycles 


R F/S R 
0.313 0.165 0.435 
0.283 0.175 0.400 
0.333 0.15 0.500 
0.333 0.165 0.435 
0.333 0.155 0.476 
0.333 0.155 0.476 
0.364 0.145 0.526 
0.27 0.223 0.308 
0.313 0.175 0.400 
0.267 0.16 0.454 
0.294 0.183 0.377 
0.267 0.16 0.454 
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NUMBER OF FATIGUE CYCLES ‘AILURE 
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symbols in the above curve represent the 


following quantities: 


R 


F 
Ss 


m 


= minimum fatigue load divided 


by maximum fatigue load 


= mean fatigue load in lb. 
= average static shear strength of 


weld in Ib. 


= minimum fatigue load in |b. 


Table 9—Approximate Fatigue Life 
Ranges on Diagram of Fatigue 


Properties 


Fatigue Life, —-Approximate Limits — 
Cycles R 


5,000 
50,000 


500,000 
5,000,000 


F/S 
0.395-0 287 
0.318-0.235 
0, 240-0.185 
0.195-0.150 


0.145-0.210 
0.190-).270 
0. 263-0 .365 
0.345-0. 500 


minimum fatigue load 
maximum fatigue load 
F = mean fatigue load. 


S = Average static shear strength. 


In. 
0.032 
0.032 
0.040 
0.040 
0.040 
0.040 
0.040 
0.040 
0.040 
0.040 
0.040 
0.064 
0.064 
0.064 
0.064 | 
0.064 
| 
35 
38 
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A hyperbolic curve such as described 
above in which the ratio of m/S = 0.1, 
is shown in Fig. 30. From observations 
of fatigue curves made in this investiga- 
tion, certain ranges have been indicated 
along this hyperbolic curve for four 
different values of fatigue life. The data 
upon which these ranges are based are 
presented in Tables 7 and 8, and the ap- 
proximate limits of each of the four 
ranges are shown in Table 9. 

It will be seen from Table 7 that as the 
weld size increases, the ratio of the mean 
stress to the average static shear strength 
decreases, and the ratio of the minimum 
stress to the maximum stress increases 
in each range of fatigue life. Table 8 
shows that in general, for welds of equal 
size in the same fatigue life range, cracks 
in the welds tend to lower the limiting 
ratio of mean stress to the average static 
shear strength and to raise the ratio of 
minimum stress to maximum stress. Thus 
in Fig. 30 the effect of increased weld 
size and of the presence of cracks in 
welds is to cause a shift toward the right 
in each range of fatigue life. With this 
curve the load which a single-spot weld 
can sustain for any of the four fatigue 
life ranges indicated, can be predicted 
with reasonable accuracy, provided its 
shear strength and quality are known. 
It is also necessary to know whether the 
weld size in question is relatively small 
or large for the particular gage and surface 
treatment used. Shear strengths for welds 
of normal size for different gages of Alclad 
24S-T are shown in Table 10. The effect 
of increasing gage thickness is to increase 
the range of stress and also the mean 
stress. Thus the conditions for heavier 
gages of material tend to shift toward the 
left ends of the fatigue life ranges indicated 
in Fig. 30. Thus the fatigue ranges indi- 
cated in Fig. 30 represent at their left 
ends relatively small sound welds in the 
heaviest gage of material investigated 
which was 0.064 in., and the right ends of 
these ranges indicate relatively large 
cracked welds in the lightest gage material 
used which was predominantly 0.040 in. 
in thickness. 
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CYCLES 


TO FARLURE 
Appendix B 


Discussion of Range vs. Mean Stress for 
Spot Welds 


The fatigue life ranges on the curve in 
Fig. 30 are all based on data taken from 
fatigue curves in which the ratio of the 
minimum stress to the average static 
shear strength is 10%. With this type of 
loading the maximum possible value of 
mean stress is limited to 55% of the 
average static shear strength. The effect 
of higher values of mean stress on the 
fatigue strength of spot welds was not 
covered in the early work in this investi- 
gation. It may be of interest to compare 
the average results at low values of mean 
stress obtained in this investigation 
with results at both low and high values 
of mean stress from other investigations 
on the fatigue strength of spot-welded 
lap joints in aluminum alloys. For this 


Table 10—Shear Strength of Normal- 


Sized Welds in Alclad 24S-T 


Shear Strength of 
Material Normal-Sized welds 
Thickness Chemically Wire 
In. Treated Brushed 
0.020 225 350 
0.032 400 600 
0.040 525 750 
0.064 1000 1300 
0.081 1500 1850 


purpose data obtained from reports by 
the Royal Aircraft Establishment® and 
Battelle Memorial Institute’ have been 
analyzed. This analysis is presented in 
Fig. 31 in which the range of stress is 
plotted against the mean stress, both 
expressed as a percentage of the average 
static shear strength of the welds. 

In considering this diagram it must 
be emphasized that the curves repre- 
senting the four different values of fatigue 
life are all based upon average results of 
the three different investigations. The 
effects of variations in weld characteristics 
will be discussed later. 

Examination of the four curves repre- 
senting different fatigue life values reveals 
that the rate of decrease of the range of 
stress tends to become less as the mean 
load increases. Thus the ‘‘modified Good- 
magn” diagram may not be used for esti- 
mating the range of stress associated 
with any mean load for a particular fa- 
tigue life since this diagram requires a 
straight line relationship between the 
range and the mean.* This “sagging” 
character of the fatigue life curves is 
similar to that observed by the British 
R.A.E. in plotting the range vs. mean for 
a fatigue life of 2,000,000 cycles. Ac- 
cording to that investigation ‘‘a similar 
‘sagging’ curve is obtained for plain 
fatigue specimens of magnesium rich alloys 
which are notably notch sensitive, and 
as it is known that severe concentrations 


DIAGRAM OF FATIGUE PROPERTIES 


OF SPOT WELDS IN ALCLAD 24S-T 
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of stress occur in spot welds in shear, this 
suggests that a sagging characteristic in 
a ‘range/mean’ load curve may be due 
to the presence of stress concentration.” 

In order to show the methods of loading 
for each of the three different investiga- 
tions several constant ratio lines are drawn 
across the diagram. In the British 
R.A.E. method several values of the ratio 
of the range to the mean were selected in 
order to cover both low and high values 
of mean loading. This investigation was 
interested chiefly in the low-load, long-life 
characteristics of single-spot lap-weld 
specimens subjected to pulsating stresses. 
Therefore only the average values of range 
and mean at 5,000,000 cycles were ob- 
tained from the British R.A.E. investi- 
gation. A point representing the average 
values of range and mean is indicated on 
each of the constant ratio lines used for 
this investigation. 

The Battelle method employed three 
values of the ratio of the minimum stress 
to the maximum stress for their fatigue 
tests on multiple-spot lap-weld joints. 
This method is similar to the British 
R.A.E. method since for each value of the 
ratio of the minimum to the maximum 
there is a corresponding value of the ratio 
of the range to the mean. Thus a ratio 
of minimum to maximum of 0.25 is 
equivalent to a ratio of range to mean of 
1.2. Average values of range vs. mean 
for all four values of fatigue life selected 
were obtained from Battelle’ fatigue 
curves and are indicated on the Battelle 
constant ratio lines. The points repre- 
senting 5000 cycles on the Battelle ratio 
lines, however, may not be truly indicative 
of this fatigue life since only one or two 
fatigue curves covered such high ranges 
of stress and mean stress. 

The early R.P.I. work employed only 
a single value of the ratio of the minimum 
stress to the average static shear strength 
of the welds in single-spot lap-weld speci- 
mens. As has previously been mentioned, 
this work covers only the effect of the 
lower values of mean stress upon fatigue 
strength. The points for the four differ- 
ent fatigue lives represent the average 
data obtained from a relatively large 
number of fatigue curves, and it is be- 
lieved, therefore, that these points are 
quite reliable. They are plotted on the 
line representing a ratio of minimum to 
ultimate of 0.10. (The word ultimate 
here is substituted for the phrase, average 
static shear strength.) 

A glance at the points representing a 
fatigue life of 5,000,000 cycles reveals 
considerable scattering. A closer scrutiny 
reveals, however, that all the British 
R.A.E. points fall on a low curve while 
all the Battelle points fall on a high curve, 
with the R.P.I. point between the two. 
Attention should be called to the fact 
that the British tests were made on a 
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AVERAGE VALUES OF RANGE 
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different alloy using different welding 
equipment and conditions, which may or 
may not affect fatigue strength. The data 
are far from complete and are plotted 
chiefly to give a comparison between the 
British single-spot specimens and the 
R.P.I. single-spot specimens. 

The Battelle tests were all made on 
multiple-spot joints in order to study the 
effect of spot spacing on fatigue strength. 
Differences in spot spacing affect the 
Static shear strength and therefore the 
fatigue strength in terms of pounds per 
inch of joint, a smaller spacing giving 
greater static and fatigue strength for 
the same size welds. 

It should be emphasized that in analyz- 
ing the results of these three investigations 
no account has been taken of differences 
in surface treatment prior to welding, gages 
of material, weld quality or weld size. 
The results of this investigation have 
indicated that the major factors affecting 
fatigue strength are weld size and material 
thickness. 

Since the points and therefore the curves 
in the diagram of Fig. 31 are all based 
upon average values it is conceivable that 
variations in weld size, weld quality and 
material thickness would cause a shift in 
the curves representing fatigue life. Since 
it has been observed that a small weld 
will sustain a higher percentage range of 
stress than a moderate-sized weld, small 
welds would shift these curves upward. 
Likewise large welds would lower the 
curve. Cracks in moderate size welds 
may also cause a lowering of the curves, 
while cracks in very small or very large 


welds have been found to shift the curves 
very little. Thinner gages of material 
would be expected to shift the curves 
downward somewhat. Welds in unequal 
thickness combinations sustain a higher 
percentage range of stress than do welds 
in equal thickness combination, and, 
therefore, would be expected to raise the 
fatigue life curves. 
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Improvement of the Notch Impact Resistance 


of Gas-Welded Joints 


Translator’s Foreword 


Despite the difficulties connected with 
the exact interpretation of its results, the 
notch impact test has proved to be one of 
the most sensitive indicators of phase and 
structural changes occurring during treat- 
ments of metals. In so far as welding is 
concerned, the emphasis until now has been 
mostly on phase changes. Thus, extensive 
research has been carried out on aging of 
welds, a phenomenon which is believed to 
involve some kind of precipitation of ele- 
ments dissolved in iron and appears there- 
fore to be a phase change.t The present 
work seems to indicate that structural 
changes, as evidenced by grain growth, 
may also become a major factor, particu- 
larly in gas welding. In view of this cir- 
cumstance, the suggestion made by the 
authors of this work to use special alloy 
welding rods, insensitive to grain growth, 
appears noteworthy. 


Purpose of Tests 


CCORDING to the German regula- 

tions, the following minima impact 
values are required for pressure vessel 
welds: 6 kg.m./cm.*(31 ft.-Ib.) for a 
horizontal weld and 5 kg. m./cm.? (25.6 
ft.-Ib.) for a vertical weld. 

The impact specimen was a square bar 
of 10- x 10-mm. section (*/s x */, in.) with 
a keyhole notch 2 mm. (0.08 in.) in di- 
ameter and 3 mm. (0.12 in.) deep. 

Experience has shown that the above 
minima were easy to obtain with modern 
coated electrodes, whereas gas welding 
was less successful in this respect. A 
series of tests was therefore undertaken to 
improve the impact values of gas welds. 


Experimental Procedure 


The base metal was a 15-mm. (°/j¢-in.) 
thick plate of the German boiler quality 
Ml (T.S. = 49,000 psi.). The right- 
hand welding technique was used through- 
out. The specimens were made by four 
experienced welders with many years of 
gas welding practice (referred to hereafter 
as welders A, B, C and D). As a rule, 
two horizontally and two vertically made 
specimens were tested for each welder. 
The program comprised 11 series of tests 
performed under various conditions sum- 
marized in Table 1. The key for the 
symbols used in this table is as follows: 


Rod I—gas welding rod, T.S. = 49,000 
psi. 


* Abridged translation from Autogene Meiall- 
bearbeitung, 35, 93 (April 1942), by D. Rosenthal, 
Research Consultant, Welding Research Council. 

t Spraragen, W., and Cordovi, M. A., THE 


(1944) OURNAL, 23, Research Suppl., 97-s 


By A. Matting and H. Koch 


Rod IIl—gas welding rod, T.S. = 
51,000-60,000 psi. 

Rod III—gas welding rod, T.S. = 
51,000-60,000 psi. 

Composition: C 0.15%, 
1.3%, Si0.6% 

H—horizontal weld 

U—vertical weld 

X-joint 2:1—groove on top side twice 
as deep as on back side. 


Mn 1.2 to 


Results of Tests 


The results of tests are given in Table 2. 


In addition to these results the follow- 
ing values were obtained by the same 
welders in an official test contest. 


Discussion of the Results 


In the first series of specimens, welded 
in the usual manner, viz., from one side 
only and without peening, the values of 
impact resistance in both horizontal and 
vertical positions came out far below the 
required minima of 31 and 25.6 ft.-lb., 
respectively. In order to improve these 
values, a welding rod of a higher T-.S. 


Table 1—Program of Tests 


Diameter, 


f 


V-joint, 


X-joint, 
U-2:1 
Same as above 
Same as above 
Same as above 
Same as H above 
Same as H above 
X-joint, 2:1 


1 
2 
3 
4 
5 
6 
7 
8 
9 
C 
1 


Joint Preparation 
V-joint, no back welding None 
back welding 
X-joint, symmetrical 
X-joint, symmetrical 
H-symetrical, 


Position of Torch 
Normal 
Normal 
Normal 
Normal 


Peening 


None 
None 
None 


Normal 
Normal 
Normal 
Normal 
Torch parallel to rod 
Normal 
Normal 


None 
Both sides 
Both sides 
Top side 
Top side 
Top side 


Top side 


Fig. 1—Grain Size at Various Points of : a with 90 Ft.-Lb. Impact Resistance. 
x 


359-s 


Rod 
No. In. 
7 — 
II 
II 
III 5/16 
Ill */i6 
3/16 
Ill */i6 
1 IT! 
1 Ill 
| 


Table 2—Results of Impact Tests 


Average Impact 
Resistance in Ft.-Lb. 


Horizontal Vertical Scatter, 
Series Weld | Weld % 
1 12.2 9.2 24 
2 24.0 10.4 71 
3 28.1 32.7 21 
4 21.0 43.3 25 
5 34.2 55.0 24 
6 45.0 44.0 40 
7 26.0 44.0 49 
8 38.6 44.0 49 
10- 11. 
10-B 38.2 ; 40 
1l 44.5 (59.5*) 33 


i Excluding specimens with defects. 


was used in the following series, and the 
back side of the weld was chipped out and 
rewelded. This modification brought 
about an average improvement in the 
horizontal welding, but the scatter was 
so great that the data appeared as highly 
unreliable. A further modification was 
therefore attempted by using a sym- 
metrical X-joint instead of the V-joint. 
The results (Series 3) were much better 
and the scatter was quite low, but the im- 
pact resistance of the horizontal weld still 
was somewhat lower than the minimum 
required. Besides, an additional series of 
specimens made by welder A and not 
included in the table, gave an average of 
only 16.3 ft.-lb. showing a decided lack of 
consistency. 


Table 3—Official Test Results 
(No Details) 


Position Impact Value, 

of Weld Ft.-L 
Horizontal 
Vertical 
Horizontal 
Vertical 
Horizontal 
Vertical 
Horizontal 
Vertical 


Welder 


As a result of this inconsistency, the 
above tests were repeated using a low-alloy 
welding rod, Series 4, Table 1. The re- 
sults tabulated for this series (Table 2) 
show a substantial increase of impact re- 
sistance in the vertical welding and no 
improvement in the horizontal welding. 
This difference was ascribed to the size of 
the melting pool. The latter was kept 
much smaller during the vertical than 
during the horizontal welding, thus pre- 
venting overheating. 

On the basis of the above assumption, a 
smaller size welding rod should reduce the 
danger of overheating and improve the 


Fig. 2—Grain Size at Various Points of saaam with 35 Ft.-Lb. Impact Resistance. 
x 


impact resistance of the horizontal welds. 
This assumption was confirmed by the 
results of Series 5. In this series, Welder 
A was instructed to use as much and 
Welder B as little heat as possible. Ac- 
cordingly, the average impact resistance 
for the former was only 16.8 ft.-Ib. while, 
for the latter, it was as much as 39.5 ft.-Ib. 
The above results proved that the welding 
rod III was quite sensitive to overheating. 

Series 6 was intended to investigate the 
influence of peening at the temperature of 
red heat. Although the results came out 
quite good, the scattering was too great. 
The repetition of tests, Series 7, gave 
similar results. The explanation was 
sought in the fact that the welders again 
used too much heat. It was thought that 
by limiting the operation of peening to the 
top side of the joint, the overheating could 
be reduced. This assumption seemed to 
have been substantiated by the following 
preliminary results: 


Table 4—Control of Peening; 
Horizontal Welding 
Average Impact 
Welder Peening Values, Ft-Lb. 
A Both sides 68 
A Top side only 90 
B None 28.5 


Unfortunately, Series 8 which was 
peened on the top side only, in accordance 
with the above results, gave the same 
scatter as Series 6 and 7. 

In Series 9 it was attempted to decrease 
the overheating in horizontal welding by 
directing the flame away from the welding 


rod. As it appears from Table 2, the re- 
sults did not live up to the expectations. 

The influence of gap in the X-joint and 
chipping was studied in Series 10. The 
gap was made */s, in. wide. Welder A 
chipped out the back side before com- 
pleting the weld, while Welder B did not. 
Surprisingly, the latter had better results, 
Series 10-A and B, Table 2. 

In the final Series 11, all those features 
were incorporated which gave the best 
results for the horizontal welding in the 
former tests. In addition, the joint was 
made unsymmetrical to limit the amount 
of heat delivered to the top side when 
welding the bottom side of the joint. The 
results were quite good and even very 
good, if specimens with obvious defects 
were excluded. 

Despite this improvement, official tests, 
Table 3, showed not too good a perform- 
ance. 

As an additional proof of the influence 
of overheating on the impact values, Fig. | 
shows a fine grain structure of the best 
specimen (90 ft.-lb.), and Fig. 2 a coarse 
grain structure of the worst specimen 
(35 ft.-Ib.) in Series 11. 


Conclusions 


The fact that even highly skilled workers 
with many years of experience in gas weld- 
ing are unable to obtain consistent results 
in notch impact is a proof that the problem 
of gas welding of joints °%/,. in. thick 
and more is far from being solved. There 
seems to be no point in trying to improve 
further the technique of welding. The 
solution seems to lie in the selection of a 
proper type of welding rod. 
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Further Investigation of the Effect of 
Spot Welds on the Sheet Efficiency 
of Alclad 24S-T 


By W. F. Hess,t R. A. Wyantt and F. J. Winsort 


Summary 


of spot welding on the sheet efficiency of Alclad 

245-T aluminum alloy. The report is a con- 
tinuation of a series of reports on aircraft spot-welding 
research being conducted at the Rensselaer Polytechnic 
Institute. An earlier report' on the effect of spot welds 
on the sheet efficiency of this alloy was limited to single- 
spot specimens in the 0.040-in. gage. This preliminary 
work has been expanded to include studies of multiple 
spot-weld specimens as well as single spot-weld specimens 
in the 0.020-, 0.040- and 0.064-in. gages. In addition to 
static sheet efficiency tests in tension some tests were 
made of sheet efficiency specimens under both fatigue 
and impact loads. Throughout the course of this inves- 
tigation test results constantly demonstrated that weld 
quality is by far the predominating factor in the effect 
of spot welds on the properties of Alclad 24S-T. 

Static Tests —The effect of weld quality on yield 
strength is much less marked than on other mechanical 
properties. Examination of the data reveals that sound 
welds usually have very little detrimental effect on the 
yield strength of the sheet. In multiple-spot specimens, 
in the heavier gages, spot welds appear to raise the yield 
strength. By comparison with sound welds, cracks tend 
to lower the yield strength slightly. 

Sound welds, in general, lower the ultimate strength 
of the sheet, but this effect still is not appreciable in most 
cases. Cracks in the welds affect the ultimate strength 
of the sheet to a different degree, depending upon the 
type of test specimen. In the stressed attachment type 
of specimen, cracks lower the ultimate strength consid- 
erably. In the unstressed attachment type of specimen, 


ike report describes further work on the effect 


Pt... is the sixteenth of a series of reports prepared by the R.P.I. Welding 
Thi oratory research staff on spot-welding problems, equipment and technique. 
investigation is under the joint auspices of the N.A.C.A., the Army Air 
Wels and the Navy Bureau of Aeronautics in cooperation with the Resistance 
em it Committee of the Welding Research Council. Other reports will be 
ions rom time to time as the work progresses in order to relay the informa- 
1944 © the aircraft industry as rapidly as possible. Report submitted April 


t Welding Lab., Rensselaer Polytechnic Institute, Troy, N. Y. 


cracked welds usually have no more detrimental effect 
on the ultimate strength than sound welds. This ts be- 
lieved to be due to the reinforcing action of the un- 
stressed scab attachment under static loads. 

Spot welds affect the ductility of the sheet more than 
any other property. Even under the best conditions yet 
attained, sound welds lower the elongation of stressed 
attachment specimens by as much as 40%. Cracked 
welds in these specimens lower the ductility to such an 
extent that little or no elongation occurs after the yield 
strength is reached, and the specimen fails suddenly. 
Cracked welds in unstressed attachment specimens have 
less effect on the ductility because of the reinforcing ac- 
tion mentioned previously. 

Sheet efficiency is independent of weld size providing 
the welds have proper fusion and are free from cracks. 
Static sheet efficiency results are slightly higher in 
0.040- and 0.064-in. material than in the 0.020-in. gage. 
With the multiple-spot specimens used in this investiga- 
tion, the spacings of which ranged from */s to 1 in., static 
sheet efficiency appears to be relatively independent of 
the spot spacing. It should be noted that the specimen 
width remained approximately constant and that the 
number of spots varied from two to six as the spacing 
decreased. 

Impact and Fatigue Tests—The same factors which 
affect sheet efficiency under static loads also affect sheet 
efficiency under impact loads in the same relative man- 
ner. Sheet efficiency specimens subjected to pulsating 
stress cycles, however, give somewhat different results. 
Contrary to the results obtained under static loads, the 
strengths of unstressed attachment, sound weld speci- 
mens are considerably higher than those of stressed at- 
tachment, sound weld specimens under pulsating stresses. 
Cracks in the welds in either type of specimen lower the 
fatigue strength to about 50% of the strength of the same 
type specimen, containing sound welds. Therefore, 
while the scab attachment does tend to stiffen the un- 
stressed attachmeat specimen and increase its fatigue 
strength, it does not reinforce the specimen against 


‘cracks in the welds under pulsating stresses. 
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Av. Weld Weld 
Shear Strength Quality 
570 Sound 
587 . Sound 
587 Sound 
543 Sound 
550 Sound 
520 Cracked 
566 Cracked 
Cracked 
570 Sound 
587 Sound 
587 Sound 
543 Sound 
550 Sound 
520 Cracked 
566 Cracked 
566 Cracked 
Properties of Unwelded Sheet 
Ultimate 
Strength, Elongation, 
Psi. % in 2 In. 
69,300 15.7 
64,900 17.5 
64,800 17.5 


Ultimate 
Strength 


93 
95 
78 
92 
94 


~J 
_ 


BSS SASss 


Remarks 

Stock cut parallel to grain 
Stock cut transverse to grain 
Stock cut parallel to grain 


5 


Table 1—Summary of Results Obtained in eres invertinatiae of Sheet Efficiency Compared with Results of Thi, 
nvestigation 


0.040-In. Alclad 24S-T 


Av. Efficiencies in %——____. 
Elongation 
in 2 In. 


——Specimens———. 
No. of 
Type Spots 


SA & USA 1 
SA & USA 1&3 
SA & USA 1 
SA & USA 3 
SA & USA 1 
SA & USA 1&3 


Weld 
Quality 
Sound 
Sound 
Sound 
Sound 


Cracked 


Cracked 


* Time measured from start of current flow until the start of the forge force. 


-——Peak Sec.——. 
Current 
Time to 
Amp. Peak, Ms. 
34,800 19.25 . 
41,600 6.2 
40,800 11.6 
45,200 7.0 


34,800 19.25 
41,600 6.2 


-—Electrode— 


Forge 
Timing, 


Ms.* 


Table 2—Welding Conditions for Single-Spot and Three-Spot Sheet Efficiency Specimens in 0.040-In. Alclad 24S-T 


Electrode Tips 
4-in. R dome 
2'/,-in. R dome 
4-in. R dome 
4-in. R dome 
4-in. R dome 
2'/s-in. R domme 


Specimen 
Type and No. 
SA76-c 


Weld 
Quality 
Sound 
d 
e 
f 
Cracked 
d 
Sound 
d 
e 
f 
4 
h 
Cracked 
d 
e 
f 


Remarks 
Broke at fillets 
Tore across weld 
Broke at fillets 
Tore across weld 


Propagated cracks through weld 
Propagated cracks through weld 
Propagated cracks through weld 


Broke at fillets 

Tore across weld 
Tore across weld 
Tore across weld 
Tore across weld 
Tore across weld 


Tore across weld 
Tore across weld 
Tore across weld 
Propagated cracks 


Welding conditions for these welds are shown in Table 2 for Study Ila. 
Static test results for these welds are shown under the corresponding serial numbers in Table 9. 


Table 3—Impact Tests of Single-Spot Sheet Efficiency Specimens in 0.040-In. Alclad 24S-T 


Impact 
Strength, 
Ft.-Lb. 


Approx. Area 
of Specimen, 


Sq. In. 


0.050 
0.050 


0.050 . 


0.050 


0.050 
0.050 
0.050 


0.025 
0.025 
0.025 
0.025 
0.025 
0.025 


0.025 
0.025 
0.025 
0.025 


Impact 
Strength, 
Ft.-Lb./In2 


1580 
1770 
1510 
1470 
1582 

180 

180 

190 

183 

920 
1320 
1640 
1120 
1100 
1760 
1320 
1640 
1500 
1080 

1120 
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. Study Spots Strength 
Ila 97 61 US 
Ia 97 12.5 
94 - 47 
I 87 1.5 US 
Ia 92 5.0 Pls 
a 2.5 —- 
I USA 101 27 t 
pee Ila USA 93 34 
ree Ila USA 101 27.5 —= 
ree IIb USA 98 25 
IIb 104 18 
I USA 98 5 18.5 
Ila USA 98 
pee Ila USA 103 21 the 
Vield 
Strength, limt 
be Study Psi. spot 
IIb 49,900 
ent 
sing 
atta 
ea Shear Force, Lb. T 
Study Strength Weld Forge 
I 570 800 2400 
Ila 587 600 1800 18.5 stre 
IIb 513 900 2300 25.1 seri 
Ilb 550 730 1800 33 effic 
wer 
1 
79 
75.5 
it 73.5 
SA77- 9 
9 
9 
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Table 4—Fatigue Properties of Single-Spot and Three-Spot Sheet Efficiency Specimens in 0.040-In. Alclad 24S-T 


Range of Stress 


_——Specimen—— —Static Efficiency— —-5000 Cycles—. —50,000 Cycles— —500,000 Cycles— —5,000,000 Cycles— 

No. of Weld Ultimate, Yield, Ultimate,* Yield,{ Ultimate, Vield, Ultimate, Yield, Ultimate, Yield, 
Type Spots Quality % % % 0 % 0 % 0 % % 
SA 1 Sound 95.9 96.9 rs 4 41.5 60.0 28.5 41.2 21.0 32 
SA 1 Cracked 66.1 92.0 37 53.5 27.5 39.7 15.0 21.7 8.5 12.3 
USA 1 Sound 89.6 92.8 37.5 54.1 27.0 39.0 
USA 1 Cracked 87.0 98.3 37.5 54.1 19.0 27.4 12.0 17.3 
SA 3 Sound 78.0 97.0 a Ps Ja + 10.0+ 14.5+ 
SA 3 Cracked 66.0 94.0 23 33.2 10.0 14.5 6.5 9.4 
USA 3 Sound 90 100 10.04 14.54 
USA 3 Cracked 87 100 i i 15.0 22.0 10.0 14.5 
Plainsheet  ..... 100 100 58 83.8 32 46.3 25.5 36.9 
* Per cent ultimate strength of unwelded sheet (65,000 psi.). 
t Per cent yield strength of unwelded sheet (45,000 psi.) 

Introduction sired to study further the effects of weld size. A second 


The purpose of this investigation has been to continue 
the preliminary investigation on the effect of spot weld- 
ing on the sheet efficiency of Alclad 24S-T as described 
in Progress Report No. 14. The preliminary work was 
limited to the determination of sheet efficiency of single- 
spot specimens of the stressed and unstressed attach- 
ment types in 0.040-in., Alclad 245-T. In the earlier 
work the specimens were subjected to static loads and 
were studied both by means of the photogrid and the 
stress-strain record methods. From that study the pres- 
ent investigation has been developed to include both 
single-spot and multiple-spot specimens of the stressed 
attachment and unstressed attachment types in 0.020-, 
0.040- and 0.064-in. Alclad 24S-T subjected to dynamic 
as well as static stresses. 

The data for the sheet efficiency specimens subjected 
to static loads were obtained in this investigation by the 
stress-strain record method which has been fully de- 
scribed in the preliminary report.' The data for the sheet 
efficiency specimens subjected to pulsating stresses were 
obtained in a direct-stress fatigue machine.* Tension 
impact tests on both shear and sheet efficiency specimens 
were carried out in a pendulum type impact machine 
modified for this purpose. 

There were four reasons for continuing the study of the 
effect of spot welds on sheet efficiency. First, it was de- 


Table 5—Welding Conditions. Sheet Efficiency—Current Characteristics 


and major objective was to study the effects of weld 
quality on sheet efficiency under fatigue and impact 
loading. A third purpose of this investigation was to 
extend the study to several gages of material. Prelimi- 
nary work on the effect of spot spacing on static sheet 
efficiency was also undertaken as the fourth phase of this 
investigation. 


Apparatus 


All the spot welds for this investigation were made on 
etiergy storage welding equipment of the condenser dis- 
charge type. The hydraulic testing machine, total 
elongation extensometer and recording apparatus for 
evaluating sheet efficiency by the stress-strain record 
method have been described in the preliminary report 
on sheet efficiency. Fatigue tests on sheet efficiency 
specimens were made in a 4000-Ilb. capacity Krouse 
direct-stress fatigue machine of the constant strain type. 
This machine has been thoroughly described in Progress 
Report No. 15 on the fatigue strength of shear type spot- 
weld test specimens. 

Impact tests were made on a 220-ft.-lb. capacity 
Riehle impact machine of the pendulum type which was 
modified for tension impact tests of sheet material. The 
standard pendulum type impact machine is provided 


Alclad 24S-T, Chem.-Treated, 4-In. R Dome Tips 


—————Secondary Current——————~ ———-Electrode Force——— 
Weld Peak Time Av. Rate Time Start 
Series Gage, Av. Shear Value, to Peak, of Rise, Total Weld Forge I to Start Sheet 
No. In. Strength Amp. Ms. Amp./Ms. Time/Ms. Force Force Forge, Ms. Cracks Separation 
85 0.020 180 27,800 3.5 7,950 36.5 540 1200 10 No No 
86 200 30,900 3.5 8,840 36.5 540 1200 10 No No 
87 238 33,750 3.5 9,650 36.5 540 1200 10 No No 
88 273 36,800 3.5 10,500 36.5 540 1200 12 No Yes 
89 292 39,600 3.5 11,300 36.5 540 1200 12 No Yes 
90 0.040 217 36,300 11.6 3,130 66.5 900 2300 25.1 No No 
91 543 40,800 11.6 3,520 66.5 900 2300 25.1 No No 
92 650 45,500 11.6 3,920 66.5 900 2300 25.1 No Yes 
93 823 50,100 11.6 4,320 66.5 900 2300 30.8 No Yes 
94 963 54,400 11.6 4,690 66.5 900 2300 30.8 Yes Yes 
95 0.064 300 46,900 13.3 3,520 70.7 1300 3100 30.8 No No 
96 685 51,100 13.3 3,840 70.7 1300 3100 30.8 No No 
97 940 56,100 13.3 4,220 70.7 1300 3100 30.8 No No 
98 1107 60,700 13.3 4,560 70.7 1300 3100 30.8 Yes Yes 
99 1323 66,000 13.3 4,960 70.7 1300 3100 30.8 Yes Yes 
100 0.064 667 50,500 14.1 3,580 73 1500 3600 63 No No 
101 907 * 54,200 14.1 3,840 73 1500 3600 63 No No 
102 970 57,900 14.1 4,100 73 1500 3600 63 No No 
103 1190 61,600 14.1 4,370 73 1500 3600 63 No No 
104 1257 65,300 14.1 4,620 73 1500 3600 63 No No 
1946 ALUMINUM SPOT WELD EFFICIENCY 363-s 
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Table 7—Welding Conditions for Multiple-Spot Sheet Efficiency Specimens 
Alclad 24S-T, 4-In. R Dome Tips 


Secondary Current ~ ————Electrode Force——— 

Peak Time to Av. Rate Time Start 

Specimen Value, Peak, of Rise, Total Weld Forge I to Start 

Series No. Gage, In. Amp. Ms. Amp./Ms. Time, Ms. Force Force Forge, Ms. 
108-113 0.020 39,600 3.5 11,300 36.5 540 1200 21 
114-119 0.040 45,200* 7 6,450 45.4 780 1800 33 
120-125 0.064 62,500t 8 7,810 45.4 1300 3100 45 


* Increased to 46,500 amp. for the */, in. spacing. : 
t Increased to 64,400 amp. for the '/, and 3/; in. spacings. 


For Study IJa, welding conditions were selected which operation. Under favorable circumstances, the mechani- 
produced medium-sized welds both with and without cal forging may be expected to greatly relieve or reduce the 
cracks. Figure 1 shows the types of specimens used. magnitude of the thermal contraction stresses. Jn the 
The data listed as Study IIb are average results of com- case of the three-spot specimens there appears to be some 
parable specimens obtained in later work on the effects reduction in elongation efficiency as compared with the 
of weld size and spot spacing on static sheet efficiency. single-spot specimens. A certain amount of reduction 
The welding conditions for all the specimens are listed of elongation is to be expected because of unequal stress 
in Table 2. distribution between the spot welds of a multi-spot 

In Table 9, in the Appendix, are presented the com- specimen. The very great reduction of elongation effi- 
plete results of Study Ila of the present investigation. ciency in the case of the three-spot SA specimens con- 
Figure 2 shows typical stress-strain records of these taining sound welds of Study Ila by comparison with 
specimens. The data for the single-spot specimens of the corresponding elongation efficiencies of the other 
Study IIb in Table 1 are taken from specimen series No. studies must be accounted for by other reasons than 
91 of Table 5, and the data for three-spot specimens are unequal load distribution. After these samples were 
taken from specimen series No. 117 
of Table 8. 


It should be emphasized here that 
the stock used for the previous in- 
vestigation and for Study IIb of 
this investigation was sheared paral- 
lel to the direction of rolling, while 
the stock used for Study Ila was 
cut transverse to the direction of 
rolling. This may explain the dis- 
crepancy in the different studies be- 
tween the properties of unwelded 
sheet upon which the sheet effi- 
ciencies are based. 


From Table 1 it is apparent that 
the results for the single-spot speci- 
mens in this investigation (Study 
II) compare quite favorably with 
those obtained for similar specimens 
in the previous work (Study I) with 
the exception of the elongation effi- 
ciency for sound welds in the SA 
specirens of Study Ila. However, 
the great improvement in elonga- 
tion efficiency for the single spot 
specimens of Study IIa may not 
be an exception, but only an in- 
dication that this type of specimen 
is most sensitive to differences in 
weld quality. It will be noted that 
throughout the data in Table | 
there is evidence that the elonga- 
tion efficiencies of single-spot speci- 
mens of Study Ila are superior to 
those of the other studies. Since this 
superiority does not lie in any ob- 
vious difference with respect to 
radiographically visible cracks, it is 
logical to infer that there may be a 
difference in the residual stresses 
left in the vicinity of these welds. ag lessssesy 
This could readily be due to small dif- =I 


ferences in the effect of the forging 
Fig. 2—Typical St trai 
which takes place after the wel ding ig ypic ress-Strain Records of Single-Spot and Three-Spot Sheet Efficiency Speci 
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made and tested it became obvious from the shear 
strength of the welds and the current magnitude used in 
their making, that they were at the upper end of the op- 
timum strength current characteristic for this gage of 
material, and electrode force and contour. At the upper 
end of the strength-current characteristic weld quality 

comes adversely affected by expulsion and cracking. 
The fact that one of the welds in the series of USA, 
sound weld specimens did crack is further evidence of 
the critical nature of the welding conditions under which 
these welds were produced. ‘The elongation efficiency 
of 12.5% for the three-spot SA crack-free welds, was 
obtained with a spread in individual values from 3.9 to 
22.3%. This is further evidence of the critical nature of 
the welding machine settings in this case. Even radio- 
graphically sound welds are likely to be on the verge of 
cracking, and with this type of specimen there exists a 
sensitive index of differences between welds which are on 
the verge of cracking. The results of the three-spot 
specimens of Study IIb show that specimens of this type 
which were made with approximately the same welding 
conditions but with slightly lower current so as to pro- 
duce welds having a lower average strength are suffi- 
ciently far from the range of incipient cracking and ex- 
pulsion to insure far greater consistency and better 
values of elongation efficiency. 


Impact Tests of Single-Spot Sheet Efficiency Specimens in 
0.040-In. Alclad 24S-T 


Table 3 shows the results of impact tests on single-spot 
sheet efficiency specimens made in conjunction with the 
static test specimens previously reported. The average 
impact strength of the stressed attachment (SA) speci- 
mens with sound welds was 79 ft.-lb. or 1583 ft.-Ib. per 
square inch of cross section, while the same type speci- 
mens containing cracked welds had an average strength 


0.040" ALCLAD 245-1 
SINGLE SPOT - SA SPECIMENS 
CHEMICAL SURFACE TREATMENT 

AVE. WELD SHEAR STRENGTH « 575 LBS. 
© CRACK-FREE WELOS 
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Ty TTT 


NUMBER OF FATIGUE CYCLES TO FAILURE Ge 


of only 9 ft.-Ib. or 183 it.-Ib. per square inch. The un- 
stressed attachment (USA) sound weld specimens had an 
average strength of 33 ft.-Ib. or 1320 ft.-lb. per square 
inch, while the USA, cracked weld specimens had an 
average strength of 28 ft.-Ib. or 1120 ft.-Ib. per square 
inch. The impact test results, therefore, are quite in 
line with the static test results on similar specimens, 
This is to be expected since impact strength is propor- 
tional to the area beneath the stress-strain curve. 
Cracks in welds in the USA-type specimens lower the 
impact strength only slightly, while cracks in welds in 
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the SA-type specimens have a very great effect in lower- 
ing the impact strength. 

The average value of impact strength for SA, sound 
weld specimens, 1582 ft.-Ib. per square inch, was nearly 
20% higher than the average value of 1320 ft.-lb. per 
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Table 8—Average Results of Multiple-Spot Sheet Efficiency Tests 


No. Tension Tests- 

Spots Stressed Attachment Specimens——————. Unstressed Attachment Specimens- -- 

Specimen Spot per Vield Vield Ultimate Ultimate Elonga- Elonga- Vield Vield Ultimate Ultimate Elonga- Bicass- 
“Series Gege, Spac- Speci- an = Efficiency, Strength, Efficiency, tion, % tion Effi- Strength, Efficiency, Strength, Efficiency, tion. % tion Effi 

No. In. ing, In. men Psi % Psi % in 2In. ciency, % Psi. % Psi. % in 2 In. ciency,% 
108 0.020 1 2 56,800 99.7 59,900 85.7 2.1 14.2 53,600 94.2 53,900 77.1 0.4 2.6 
109 /s 2 53,900 94.6 61,400 87.9 3.2 22.0 54,200 95.1 55.700 79.8 0.9 6.2 
110 /s 3 56,100 98.4 62,400 89.3 3.9 26.9 53,090 93.0 53,500 76.6 0.9 6.2 
111 /s 3 53,600 a 60,300 86.3 4.6 31.7 53,800 94.4 54,200 77.7 1.3 9.0 
112 1/3 4 54,000 94.8 60,600 86.8 5.2 35.8 53,900 94.6 55,600 79.6 er 7.6 
113 3/s 6 56,500 s 60,400 86.4 3.1 21.4 53,800 04.4 53,800 77.0 0.3 2.1 
114 0.040 1 2 50,000 100.2 61,600 95.1 6.9 39.5 53,900 108.0 56,200 86.9 1.7 9 7 
115 7/e 2 50,600 101.5 62,000 95.7 7.6 43.4 51,700 103.7 58,100 89.7 3.0 17 2 
116 */4 3 51,800 104.0 60,000 92.5 5.1 29.2 51,400 103.0 55,100 85.1 2.1 12.0 
117 5/s 3 51,700 103.7 60,900 94.0 6.1 34.8 51,700 103.7 57,400 88.6 3.2 18 3 
118 wh 4 50,300 100.9 59,800 92.3 5.6 32.0 50,200 100.8 53,900 83.2 5.8 12.0 
119 */s 6 ,500 101.1 58,500 90.3 4.9 28.0 50,100 100.5 53,300 82.3 2.1 12.0 
120 0.064 1 2 48,100 109.9 60,200 94.1 6.6 32.2 46,600 106.4 53,300 83.3 3.4 16.6 
121 /s 2 48,700 111.1 61,700 96.5 7.4 36.1 47,000 107.3 55,700 87.0 4.0 19.5 
122 /6 3 48,100 109.9 60,700 94.9 7.3 35.6 48,100 109.9 55,500 86.8 3.4 16.6 
123 /s 3 46,900 107.0 61,000 95.3 8.1 39.5 47 390 108.0 53,800 84.1 2.6 12 7 
124 1/3 4 47,300 108.0 57,800 90.3 6.2 30.2 47,700 109.0 52,100 81.4 2.2 10.7 
125 /s 6 47,400 108.1 56,600 88.5 4.7 23.0 48,400 110.5 53,200 83.2 2.2 10.7 


square inch for the USA, sound weld specimens. This is 
in agreement with static test results that SA, sound weld 
specimens usually give higher values of ultimate strength 
and elongation than USA, sound weld specimens. 


Fatigue Tests of Single-Spot and Three-Spot Sheet Effi- 
ciency Specimens in 0.040-In. Alclad 24S-T 


As was shown in the preliminary work on static sheet 
efficiency the effect of cracked welds in Jowering sheet 
efficiency is much more pronounced in the stressed at- 
tachment type of specimen than in the unstressed at- 
tachment type. This difference is believed to be due to 
the reinforcing action of the scab attachment in the latter 
type of specimen. This phase of the investigation was 
undertaken to determine whether this difference between 
the SA and USA specimens under static loads would 
persist under pulsating stresses. 

The specimens used in this study consisted of both 
single-spot and three-spot stressed and unstressed at- 
tachment specimens in Alclad 24S-T, as shown in Fig. 1, 
containing both crack-free and cracked welds. 

The type of stress cycle applied to these specimens 
may be described as a tension stress-to-a- -higher-tension 
stress. For this investigation the minimum stress on 
each specimen was held constant at 10% of the ultimate 
strength of unwelded sheet. Where possible, the maxi- 


mum stress was varied from 20 to 50% of the ultimate 
strength of the unwelded sheet in increments of 10%. 
The speed of testing was about 1600 stress cycles per 
minute. 

The specimens were tested in a 4000-Ib. capacity 
Krouse direct stress fatigue machine. The specimens 
were supported in the machine by three bolts through 
each end of the specimens. The center bolt holes were 
drilled full size so that the bolts could be inserted and 
the specimens positioned in the specimen holder. The 
other two holes which were undersize were then reamed 
to size in position. The purpose of this procedure was to 
lessen the possibility of nonuniform loading across the 
width of the specimens and to minimize the danger of 
failure through the bolt holes. 

Figure 3 is the fatigue curve for unwelded 0.040-in. 
Alclad 24S-T sheet. Figures 4 and 5 are the curves for 
single-spot stressed and unstressed. attachment speci- 
mens, respectively. Figures 6 and 7 are curves for three- 
spot stressed and unstressed attachment specimens. 
Examination of the curves of Figs. 4 and 5 for single- 
spot specimens reveals that cracks in the welds have a 
very detrimental effect on the fatigue strength of the 
sheet. Figures 6 and 7 for the three-spot specimens 
show only a single point at a maximum stress of 20% 
of the ultimate strength of unwelded sheet for the spect- 


Table 9—Static Sheet Efficiency Tests 


0.040-In. Alclad 24S-T—Single-Spot and Three-Spot Specimens 


Specimen Specimen patie Strength -—Ultimate Strength—— -——Elongation— 
Type No. of Area, Efficiency, Efficiency, % in Efficiency, Av. Shear 
and No. Spots Weld Quality Sq. In. Lb. Psi. % Lb. Psi. % 2 In % Strength 
SA76-a 1 Sound *0.0506 2220 43,900 97.3 3170 62.600 96.5 11.9 68.0 587 
1 Sound 0.0508 2200 43,300 95.9 3080 60,700 93.5 9.6 54.8 587 
SA77-a 1 Cracked to surface 0.0505 2100 41,600 92.3 2150 42,600 65.7 0.75 4.3 566 
1 Cracked to surface 0.0508 2090 41,100 91.1 2200 43,300 66.7 1.06 6.1 566 
USA78-a 1 Sound 0.0254 1080 42,500 94.2 1500 59,000 91.0 7.05 40.3 587 
1 Sound 0.0256 1050 41,000 91.0 1470 57,400 88.5 4.9 28.0 587 
USA79-a 1 Cracked to surface 0.0252 1110 44,100 97.8 1450 57,600 88.9 6.6 37.7 56 
1 ec tacked to surface 0.0253 1120 44,300 98.1 1400 5,400 85.4 3.5 20.0 56 
SA80-a 3 Sound 0.1553 6600 42,500 94.2 8440 54,300 83.6 3.9 22 3 587 
b 3 Sound 0.1533 6800 44,400 98.4 7820 51,000 78.6 1.9 10.9 587 
c 3 Sound 0.1631 7200 44,100 97.8 7600 46,600 71.9 0.7 3.9 587 
SAS81l-a 3 Cracked to surface 0.1673 6740 40,200 89.1 6740 40,200 62.0 0.31 1.8 566 
b 3 Cracked to surface 0.1513 7160 47,400 105.0 7160 47,400 73.1 0.56 3.2 56¢ 
c 3 Cracked to surface 0.1546 6500 42,100 93.4 6500 42,100 64.9 0.50 2.9 566 
USA82-a 3 Sound 0.0832 3700 44,500 98.7 4800 57,700 89.0 4.6 26.3 587 
b 3 1 Cracked 0.0752 3500° 46,600 103.3 4390 58,400 90.0 3.9 22.3 587 
c 3 Sound 0.0756 3460 45,800 101.5 4490 59,400 91.6 5.9 33.7 587 
USA83-a 3 Cracked to surface 0.0751 3580 47,600 105.5 4180 55,700 85.9 3.1 17.7 566 
b 3 Cracked to surface 0.0851 3950 46,400 102.8 4730 55.600 85.8 3.5 20.0 566 
c 3 Cracked to surface 0.0851 3850 45,200 100.2 5020 59,000 91.0 4.4 25.1 566 
0.0253 1140 45,100* 1640 64,900* 17.5* 
0.0768 3150 41,100 4590 59,800 9.2 ) Broke outside gage 
c 0.0777 3250 41,900 ew 4880 62,800 12.0 > marks 
d 0.0841 3900 46,400 5320 63,200 4.9 ) 


* Base values used in computing sheet efficiencies of welded specimens. 
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Table 10—Static Sheet Efficiency Tests 


pecimen i trength Ultimate Strength. i 

Shear Area, Efficiency, Efficiency, i 
0 


Av. 
Weld Quality Strength Sq. In. % Psi. 
Sound . 180 


$3.0 


Sound 180 


Sound 


Onn 


noe 


= 


cw gts 


to 


| 


USA91-d 
e 
f 


SA92-a 
b 


USA92-d 
e 


f 
SA93-a 
b 


USA93-d 
e 


f 


SA94-a Sound (verge of 
b cracking) 


c 

USA94-d Sound 
€ Cracks, exp. 
f Sound 


Sound 


USA95-d Sound 
e 


f 
‘ Sound 


USA96-d J Sound 
e 
f 
SA97-a Sound (verge of 
b cracking) 


c 
USA97-d Sound (verge of 
cracking) 
SA98-a Fine internal 
b cracks 
c 
USA98-d Fine internal 
cracks 
SA99-a . Coarse internal 
b cracks 
c 
USA99-d ‘ Coarse internal 
cracks 


Sound 


Sound 


0 
a 
0 
8 
7 
a 
9 
6 
‘9 
‘6 
6 
‘9 
‘3 
9 
‘3 
‘0 
9 
‘0 
9 
4 
9 
7 
6 
4 
4 
‘3 
‘6 
2 
‘5 
4 
6 
9.0 
‘3 
2 
‘8 
‘0 
5 
‘8 
‘5 
41 
7 
‘8 
9 
‘1 
0 
5 
‘8 
‘0 
0 
‘6 
‘4 
6 
‘8 
5 
‘9 
‘0 
9 
‘3 
4 
‘0 
5 
‘5 
6 
8 
3 
‘9 
‘3 
‘5 
‘9 
8 
3 
‘8 
3 
‘8 
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Then 
mer 
— 
uns 
at 
Type Gage, 
SA85-a 0.020 tab 
b 0.0386 2120 54,900 9 35 
0.0388 2020 52,100 9 40 met 
USA85-d 0.020 0.0194 1010 52,100 9 43 uns 
ey: e 0.0194 1015 52,300 9 40 
0.0193 1050 54,400 9 42 tha 
4 jek SA86-a 0.020 | 200 0.0388 2150 55,400 9 33 It s 
b 0.0388 2040 52.6009 37 
0.0388 2190 56,500 9 33 spe 
USA86-4 0.020» Sound 200 0.0194 1040 —-53,600 9 2A tha 
e 0.0194 1000 51,500 9 1 
SA87-a 0.020 Sound 238 0.0388 2100 54,100 2 stre 
b 0.0389 2200 56,500 9 
ees: c 0.0388 2100 54,100 9 we 
+ me. USA87-d 0.020 Sound 238 0.0193 1010 52,300 9 stre 
ae © 0.0192 1110 57,800 10 | 
0.0193 1030 53,400 tac 
i se SA88-a 0.020 Sound 273 0.0387 2080 53,700 9 to | 
b 0.0387 2100 54,300 9 
c 0.0388 2120 4,700 9 it ¢ 
USA88-d 0.020 Sound 273 «0.0193 1050 54,400 wel 
0.0194 1000 51,600 9 
0.0193 1010 52,400 9 sta 
SA89-a 0.020 Sound 292: 0.0390 2100 53,900 9 ] 
b 0.0388 2050 52,900 9 
0.0389 2160 55,500 9 spe 
a ae USA89-d 0.020 Sound 292 0.0194 1100 56,700 9 wit 
e 0.0194 1130 58,200 10 
ore, f 0.0194 1060 54,600 9 vi0 
i SA90-a 0.040 Sound 217 0.0835 4180 50,100 rT spe 
pee b 0.0835 3950 47,300 9 hi 
Fey c 0.0836 4100 49,000 9 12 
USA90-d 0.040 Sound 217: 0.0417 2120 50,9001 tyy 
0.0418 1970 47,100 9 
4 ee f 0.0416 2020 48,600 9 spe 
$k SAQ1-a 0.040 Sound 543 0.0841 3950 47,000 9 spc 
b 0.0839 3650 43,500 8 
c 0.0835 4200 50,300 10 ty] 
0.040 Sound 543 0.0419 2000 47,800 9 sin 
0.0417 2120 50,900 10 
0.0416 1990 47,900 
0.040 Sound 650 0.0836 4000 47,900 res 
0.0836 4100 49,000 9 
0.0835 4050 48,500 9 su 
he 0.040 Sound 650 0.0414 2120 51,200 of 
0.0416 2010 48,400 9 
0.0419 2100 50,100 10 ap 
coke 0.040 Sound 823 0.0827 3900 47,100 9 log 
0.0833 3950 47,400 9 us| 
0.040 Sound 823 0.0415 1930 46,500 tie 
a 0.0414 1940 46,900 9 
0.0414 1960 47,400 9 mi 
963 0.0835 3900 46,700 9 tic 
Th ae 0.0834 4000 48,000 9 
0.0834 3950 47,400 we 
963 0.0418 2050 49,000 sa’ 
0.0416 1960 47,100 t: 
0.0417 2080 49,900 10 Sti 
0.1312 5800 44,200 10 d 
0.1309 5850 44700 10 
0.0663 2820 42,600 th 
4 0.0657 2910 44,300 10 
685 0.1315 5870 44,700 re 
0.1309 5550 42,500 9 
685 0.0653 2900 44,400 a3. sc 
0.0658 2880 43,800 if 32 
Fel 0.0654 2930 44,900 27 Sp 
Sie 940 0.1315 5680 43,200 9 14 th 
0.1321 5700 43,100 20 
0.1315 5820 44,300 14 m 
940 0.0662 2900 43,900 19 28 ag 
ME 0.0650 2800 43,100 27 
0.0662 2800 42,300 § 32 pl 
oe St 1107 0.1320 5700 43,200 ‘ 10 st 
0.1312 5700 43,400 8 E 
1107 0.0654 2830 43,300 36 
0.0652 2820 43,300 31 
0.0655 2880 44,000 29 
1323 0.1311 5570 42,500 7 
0.1311 5580 42,500 9 7 
0.1319 5780 43,900 10 6 
1323 0 0655 2830 43,200 ¢ 40 
0.0652 2900 44,500 1 41 ef 
f 0.0663 2940 44,400 31 
Ve ae SA100-a 0.064 — 667 0.1220 5370 44,000 1 46 A 
b 0.1240 5600 45,100 47 
USA100-4 0.064 667 0.0670 3000 44,800 1 35 
0.0660 2920 44,300 1 22 la 
0.0659 2920 44,300 1 24 
a 
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mens containing sound welds. Attempts to determine 
the fatigue lives of these specimens at higher loads were 
unsuccessful since the specimens were so wide they failed 
at the end connections rather than across the welds. 

Table 4 presents relative data from all the fatigue 


curves in a manner suitable for comparison. From this 
table it is evident that in the case of single-spot speci- 
mens containing sound welds the fatigue strengths of 
unstressed attachment specimens are considerably higher 
than the strengths of stressed attachment specimens. 
It should be noted that cracks in welds in either type of 
specimen lower the fatigue strength to about 50% of 
that obtained with the same type specimen containing 
sound welds. Table 4 also shows that the fatigue 
strengths of single-spot, unstressed attachment sound 
weld specimens are slightly higher than the fatigue 
strengths of unwelded sheet. Thus, while the scab at- 
tachment appears to stiffen the specimen and contribute 
to increasing the fatigue strength of the USA specimen, 
it does not reinforce the specimen against cracks in the 
welds under pulsating stresses, as in the case under 
static loads. 

It is impossible to compare the three-spot, sound weld 
specimens with the other types because of the difficulty 
with failure at the end connections as mentioned pre- 
viously. In the case of the three-spot, cracked weld 
specimens, the unstressed attachment specimens have 
higher fatigue strengths than the stressed attachment 
type, paralleling the data obtained with single-spot 
specimens. However, the fatigue strengths of three- 
spot, cracked weld specimens of both 
types are lower than those of the 


the effect of weld size on sheet efficiency and to enlarge 
this investigation to include studies of sheet efficiency 
in the 0.020- and 0.064-in. gages as well as the 0.040-in. 
material. 

In order to study the effect of weld size, attempts were 
made to select conditions of electrode force and current 
wave form so that relatively large sound welds could be 
obtained in each gage of material. Some information 
was available from previous work on aircraft spot weld- 
ing research reported in Progress Report No. 11 and also 
from data obtained more recently. The welding cur- 
rent was varied over a wide range for each gage of mate- 
rial so as to produce welds varying in size from small 
welds with incomplete fusion to extremely large welds. 
The welding conditions are listed in Table 5. The 
conditions for the 0.020- and 0.040-in. material might be 
improved with respect to sheet separation by increasing 
the time interval between the start of the welding cur- 
rent and the application of the forging force. In order 
to produce large sound welds in the 0.040-in. material 
the weld and forge force were set slightly high for the 
best results with regard to sheet separation. 

In conjunction with the regular static tension sheet 
efficiency tests impact tests were also made for this 
phase of the investigation. Table 6 shows the average 
results of these data and Table 10, Appendix, lists the 
data obtained. 

Table 6 shows that the yield strength efficiency of both 
stressed attachment (SA) and unstressed attachment 
(USA) specimens is relatively independent of weld size 


tr ++ 


single-spot specimens. 
It is now possible to compare the 


Th 


results of sheet efficiency specimens 
subjected to static loads with those 
of specimens subjected to alternately 
applied dynamic loads. Under static 


loads USA, sound weld specimens 


usually tend to exhibit lower proper- 
ties, particularly with regard to ulti- 


mate strength efficiency and elonga- 
tion efficiency, than do SA, sound 
weld specimens, whereas under pul- 


sating loads the reverse is true. In 


static tests cracks in welds in the 


USA-type specimens have no great 


detrimental effect on the properties, 
but in fatigue tests cracks in welds in 
the USA specimens are as detrimental 


relatively as are cracks in the welds 
in SA specimens. Thus, while the 
scab attachment appears to stiffen the 


‘ 


specimen and contribute to increasing 
the fatigue strength of the USA speci- 
men, it does not reinforce the specimen 


pulsating stresses as is the case under =| 
eee 
Effect of Weld Size on the Static and 
Impact Strengths of Single-Spot Sheet 
Efficiency Specimens in 0.020-, 
0.040- and 0.064-In. Alclad 245-T' 
In the preliminary work on sheet 
efficiency of spot-welded 0.040-in. 
Alclad 24S-T it was concluded that 
with the limited data at hand the size get 33333 besseseses 
of the spot welds had little or no re- 
lationship to sheet efficiency provided 


Fig. 8—Typical Stress-Strain Records Showing the Effect of Weld Size on the Sheet Effi- 
ciency of Alclad 24S-T. 


the welds were sound. In this investi- 
gation it was desired to study further 


1946 


ALUMINUM SPOT WELD EFFICIENCY 


. 
J 
4 
369-s 


STATIC SHEAR AND IMPACT SHEAR TESTS 


and quality, being, however, slightly higher fo 
OF 0.064" ALCLAD 24S-T LAP-WELD SPECIMENS 


heavier gages. The ultimate strength efficiency of SA 
specimens is not appreciably affected by increase in weld 
ULTIMATE STRENGTH ‘OF UNWELDED SHEET size providing the welds are sound. Cracks in welds in 
SA specimens greatly reduce the ultimate strength 
200 efficiency, however. Both weld size and weld quality 
; : appear to have little effect on the ultimate strength 
SPECIMENS I" WIDE efficiency of USA specimens. The values of elongation 
spoT efficiency for 0.020-in. SA and USA specimens are ex- 
mane _ tremely erratic and appear to approach some minimum 
value at an intermediate weld size. This tendency is 

OF WELD also apparent in the results of the impact tests, but no 
logical explanation can be made at this time. 

The elongation efficiency values are somewhat less 
erratic for the 0.040-in. material. The high value of 
elongation efficiency, 61.7%, for the SA specimens con- 
taining 217-lb. welds may be attributed to an almost 
complete lack of fusion in these welds resulting in rela- 
tively little effect on the properties of the sheet. The 
values of 48 and 39% for elongation efficiencies in 823-Ib. 
welds and 963-Ib. welds, respectively, in USA specimens 
are rather high and out of line with the values obtained 
for the other weld sizes. As soon as cracks appear in 
welds in SA specimens the elongation efficiency drops 
off sharply. 

Inasmuch as cracks appeared in relatively small welds 
in the first 0.064-in. series (specimens 95-99) because of 
1000 50 poor welding conditions, little can be said regarding the 

‘4 effect of weld size on sheet efficiency for this series. 
Results of tests on a new set of specimens in this. gage 
IMPACT _SHEAR _ STRENGTH (specimens 100-104) made with improved welding con- 


ditions to produce crack-free welds over a wider strength 
| Bt th range show that weld size has no appreciable effect on 
Pa 2 3 4 


4 


3000 150 


- LBS. 
FT. 


STRENGTH 
STRENGTH 


2000 100 


SHEAR 


TAT! EAR STRENGTH 


STATIC SHEAR 


IMPACT 


sheet efficiency, perhaps dropping off only slightly with 
extremely large welds in SA specimens. 

s In general, the ultimate strength efficiencies and elon- 

NUMBER OF SPOTS IN LINE gation efficiencies of USA specimens containing sound 

PARALLEL TO DIRECTION OF TESTING welds are lower than those of SA, sound weld specimens. 

FIG.9 This tendency was noticed in previous work with single 


Table 10—Static Sheet Efficiency Tests (Continued) 


_Alclad 24S-T—Single-Spot Specimens 


Specimen Specimen ~Vield Strength Ultimate Strength- -——Elongation—— 

Gage, Av. Shear Area, Efficiency, Efficiency, %in Efficiency, 
and No. In, Weld Quality Strength Sq. In. Lb. Psi. % Lb. Psi. % 2 In, % 
SA101-a 0.064 Sound 907 0.1233 5350 43,400 99.1 7500 60,800 95.0 9.7 47.3 
S }: 0.1233 5530 44,800 102.2 7650 62,000 96.9 10.4 50.8 
c 0.1239 5580 45,100 103.0 7500 60,500 94.5 7.9 38.6 
_USA101-d 0.064 Sound 907 0.0653 2880 44,100 100.8 3700 56,700 88.7 5.4 26.4 
© 0.0655 2940 44.900 102.4 3625 55,400 86.5 4.9 23.9 
f 0.0655 2860 43,700 99.9 3770 57.500 89.9 5.8 28.3 
SA102-a 0.064 Sound 970 0.1216 5420 44,600 101.9 7400 60,900 95.1 9.5 46.4 
b 0.1235 5380 43,500 99.4 7490 60.600 94.8 9.5 46.4 
c 0.1223 5400 44,100 100.8 7450 60,900 95.1 8.8 43.0 
USA102-d 0.064 Sound 970 0.0666 2925 44,000 100.5 3950 59,300 92.7 7.1 34.6 
e 0.0674 2960 44,000 100.5 3900 58,000 90.6 6.4 31.2 
f 0.0680 3010 44,300 101.0 3800 56,000 87.5 5.2 25.4 
SA103-a 0.064 Sound 1190 0.1232 5390 43,700 99.9 7390 59,900 93.6 8.2 40.0 
b 0.1222 5590 45,600 104.1 7300 59,600 93.1 7.7 37 .6 
c 0.1249 5450 43,700 99.9 7400 59,300 92.7 8.6 41.9 
USA103-d 0.064 Sound 1190 0.0675 2950 43,700 99.9 3920 58,100 90.9 6.6 32.2 
© 0.0660 3000 45,500 104.0 3690 56,000 87.5 4.8 23.4 
f 0.0640 2860 44,700 102.1 3780 59,000 92.2 6.8 33.2 
SA104-a 0.064 Sound 1257 0.1230 5610 45,600 104.1 7400 60,100 94.0 8.0 39.0 
b 0.1233 5250 42,500 97.1 7270 59,000 92.2 9.1 44.4 
c 0.1256 5450 43,400 99.1 7270 58,000 90.6 7.0 34.2 
USA104-d 0.064 Sound 1257 6.0654 2860 43,800 100.0 3640 55,700 87.1 5.1 24.8 
© 0.0663 2900 43,800 100.0 3910 59,000 92.2 7.0 34.2 
{ 0.0681 3150 46,300 105.8 3940 57,900 90.5 6.0 29.2 
0.00974 560 57,500 hoe 680 69,800 4 14.0 


* Average values of properties of sheet upon which efficiencies are based. 
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t specimens and bears out the conclusion that the 
scab attachment on the USA specimens is a relatively 
rigid fixture and restricts the elongation of the stressed 
sheet, although it does reinforce the specimen in the 
presence of cracked welds. 

A study of the results of the impact tests on shear- 
type and sheet efficiency type specimens brings up. sev- 
eral important points on the properties of spot welds 
subjected to impact loads. It is shown in Table 6 that 
the average impact shear strength of spot welds in Al- 
clad 24S-T is very low, regardless of weld size or material 
gage, rising only to about 6 ft.-lb. for extremely large 
welds in 0.064-in. material. Inasmuch as a single piece 
of 0.064-in. Alclad 24S-T of the same width as these 
specimens (1 in.) has a tension impact strength of the 
order of 200 ft.-Ib., the maximum joint efficiency which 
can be developed in this gage for a single-spot lap weld 
under impact loading is in the neighborhood of 3%. 
Under a statically applied load a single-spot lap weld of 
the same type would develop 20-25% joint efficiency. 
By placing more than one weld in-lap-weld specimens 
in line with the direction of testing it was thought per- 
haps the impact shear strength could be increased ap- 
preciably to develop much higher efficiency. 

A few tests were undertaken to see whether higher lap- 
weld joint efficiency under impact 
loads could be obtained. Figure 9 
shows the results of these attempts on 
(0.064-in. material. These tests show 
that when the number of spots is 


welds in the other specimens. Further studies on the 
impact properties of spot welds would be well worth while. 

The impact strength values for 0.020-in. material are 
extremely erratic as are the static test results. The 
values for the USA specimens in 0.040- and 0.064-in. ma- 
terial show the tendency toward a minimum value at 
some intermediate weld size. The SA, cracked weld 
specimens in 0.040- and 0.064-in. material show that 
cracks in welds in this type specimen greatly lower the 
impact strength as well as the static strength. Cracks 
in welds in the USA specimens appear to have no effect 
in lowering the impact strength. 


Static Sheet Efficiency Tests of Multiple-Spot Specimens 
to Determine the Effect of Spot Spacing 


This phase of the investigation was conducted for the 
purpose of determining the effect of spot-weld spacing 
on the static sheet efficiency of Alclad 24S-T. Welding 
conditions were selected which would produce sound 
welds having an average shear strength (single-spot test 
specimens) of 225 Ib. in 0.020-in., 550 Ib. in 0.040-in. and 
900 Ib. im 0.064-in. material. Test panels measuring 8 x 
10 in. were made up using these welding conditions. 
For the stressed attachment specimens two pieces 8 x 10 
in. were welded together with a single row of spots across 


0.020" ALCLAD 245S-T 


-yr- 
+ 
+ 


44 + 
+ + 


increased to the number at which 
failure occurs by tearing of the sheet 
rather than by shearing of the welds, 


the joint efficiency under static loads 
can be increased from about 22 to 
73%. Under the same conditions the 


joint efficiency under impact loads is 
increased from about 4 to 12%, or 
roughly the same percentage increase. 
Therefore, increasing the number of 
spots in line with the direction of 


testing has no more favorable effect 
on impact strength than on static 
strength, and the impact strength of 


lap-weld joints must be considered to 
be inherently low. Similar riveted 
joints show impact strengths as low or 


lower than these spot-weld specimens, 
as shown in Table 13. 
A study of the impact strengths of 


SA and USA sheet efficiency speci- 
mens shows that in most cases the 
impact strengths expressed as foot- 


pounds per square inch, are higher for 
SA specimens containing sound welds 
than for USA spec:mens containing 


+4444 


sound welds. This was observed pre- 
viously in the study of 0.040-in. sheet 
efficiency specimens under impact 


loads. Also the impact strengths of 
0.040-in, specimens are higher than 
those of 0.020-in. specimens, pointing 


to the fact that the stiffening effect 
of thicker material or the effect of 
the width-thickness ratio apparently 
is appreciable under impact stresses. 


ene 


ees 


The results for the 0.064-in. material 
are inconclusive because the impact 
Strengths for the two smaller weld 4 


sizes in SA specimens were greater errr 
than the capacity of the machine and 
also because of the cracks in the 
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Fig. 10—Typical’ Stress-Strain Records Showing the Effect of Spot Spacing on the Sheet 


Efficiency of Alclad 24S-T 


37l-s 


‘ 
‘ 
— 
1005 Corea ‘SPOT: ean 
0.040" ALCLAD 24S-T 
I ‘ 
0.064" ALCLAD 24S-T 


Table 11—Impact Sheet Efficiency Tests 
Alclad 24S-T—Single-Spot Specimens 
Av Av 


Static Shear Impact Shear Impact Approx. Impact Ty! 
sar Specimen ; Strength, Strength, Strength, Spec. Area, Strength, s 
: Type and No. Gage, In. Weld Quality Lb. Ft.-Lb. Ft.-Lb. Sq. In. Ft.-Lb./In2 
SA85-g 0.020 Sound 180 0.4 0.040 1540 
ae h 1640 
ne. i 1810 
USA85-j 0.020 Sound 180 0.4 0.020 965 
k 1100 
1750 
tS 0.020 Sound 0.8 : 0.040 663 
1100 
1125 
ee 0.020 Sound 0.8 0.020 1425 | 
375 
rie 0.020 Sound 0.8 4 0.040 1290 
925 
750 
0.020 Sound 0.8 0.020 375 
175 
175 
0.020 Sound 0.9 0.040 1600 
513 
y 1100 
0.020 Sound 0.9 ' 0.020 700 
525 
150 = 
0.020 Sound 1.0 37. 0.040 925 aoe 
1690 
1590 
0.020 Sound 1.0 ; 0.020 175 
925 
950 
0.040 Sound 0.8 0.080 2160 
2520 
2410 
0.040 Sound 0.8 ; 0.040 1670 US 
1770 
1610 ai 
0.040 Sound 1.3 E 0.080 2110 
0.040 Sound 1.3 ; 0.040 7 
>. 
0.040 Sound 2.2 . 0.080 U 
S. 
0.040 Sound 2.2 ; 0.040 
U 
0.040 Sound 2.3 S 
0.040 Sound 2.2 
0.040 Sound (verge of 3.0 ; 
cracking) 3! U 
0.040 Sound (verge of 3.0 J 7 $ 
cracking) 
0.064 Sound 1.0 
0.064 Sound 1.0 , 
0.064 1.5 


1.5 


(Table continued on next page) 
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220+ 1720+ 

i 220+ 1720+ 
| 0.064 Sound 685 126.5 0.064 1980 
127.5 1990 
100 1560 
372-s 


(Table 11—Continued) 


Av. Av. 
Static Shear Impact Shear Impact Approx. Impact 
Specimen Strength, Strength, Strength, Spec. Area, Strength, 
Type and No. Cage, In. Weld Quality Lb. Ft.-Lb. Ft.-Lb. Sq. In. Ft.-Lb./In.* 
SA97-g 0.064 Sound (verge of 940 2.8 174.5 0.128 1360 
h cracking) 158.5 1240 
i 162.5 127 
USA97-j 0.064 Sound (verge of 940 2.8 104.5 0.064 1630 
k cracking) 90 1410 
1 98.5 1540 
SA98-g 0.064 Fine internal 1107 4.8 70.0 0.128 547 
h cracks 124.0 970 
i 156.0 1220 
USA98-j 0.064 Fine internal 1107 4.8 87.0 0.064 1360 
k cracks 121.0 1890 
| 79.0 1230 
SA99-g 0.064 Coarse internal 1323 6.3 50.0 0.128 391 
h cracks 66.5 520 
i 44.0 344 
USA99-j 0.064 Coarse internal 1323 6.3 142.5 0.064 2220 
k cracks 133.0 2080 
] 129.5 2020 
UW105 0.020 No data, as specimens are too thin to support head of impact machine 
e *61 2440 
f 69.5 2780 
e 128.5 3220 
f 105 2620 


Table 12—Static Sheet Efficiency Tests 


Alclad 24S-T—Multiple-Spot Specimens 
No. Spots 


Specimen Spot per Specimen _ Yield Strength— ——— Ultimate Strength. ——Elongcation— Av. Edge 
Type Gage, Spacing, Speci- Area, Load Efficiency, ——Load———~. Efficiency, % in Efficiency, Distance, 
and No. In. In. men Sq. In. Lb. Psi. % Lb. Psi % 2 In % In 
SA108-a 0.020 1 2 0.0940 5,120 54,500 95.6 5,470 58,200 83.3 2.33 16.1 0.69 
b 0.0929 5,440 58.600 102.9 5,730 61,700 88 4 2.12 14.6 0.66 
c 0.0929 5,310 57,200 100.3 5,550 59,800 85.6 1.73 11.9 0.69 
USA108-d bd 1 2 0.0470 2,570 54,700 96.1 2,600 55,400 79.3 0.45 3.1 0.67 
e 0.0471 2,520 53,500 93.9 2,520 53,500 76.6 0.45 3.1 0.70 
f 0.0471 2,480 52.700 92.5 2,480 52,700 75.5 0.20 1.4 0.67 
5A109-a ° /s 2 0.0940 5,000 53,200 93.3 5,660 60,300 86.2 2.45 16.9 0.75 
b 0.0929 5,010 54,000 94.8 5,900 63,500 90.8 4.43 30.5 0.73 
c 0.0929 5,050 54,400 95.4 5,600 60,300 86.2 2.68 18.5 0.73 
USA109-d ° Ys 2 0.0470 2,590 55,100 96.6 2,610 55,500 79.5 1.00 6.9 0.73 
e 0.0470 2,530 53,900 94.5 2,590 55,100 78.9 0.65 4.5 0.75 
f 0.0483 2,590 53,700 94.2 2,730 56,500 80.9 1.13 7.8 0.73 
5A110-a ° /4 3 0.0917 5,180 56,500 99.0 5,780 63,000 90.2 3.30 22.8 0.42 
b 0.0916 5,160 56,400 98.9 5,700 62,200 89.0 2.95 20.4 0.41 
c 0.0917 5,080 55,400 97.2 5,700 62,100 88.9 5.40 37.2 0.45 
USA110-d ° s/ 3 0.0471 2,390 50,800 89.2 2,390 50,800 72.7 0.20 1.4 0.41 
€ 0.0471 2,590 55,000 96.5 2,590 55,000 78.7 1.18 8.1 0.44 
{ 0.0471 2,500 53,100 93.3 2,580 54,800 78.4 1.40 9.7 0.42 
SAlll-a ° ‘/s 3 0.0939 5,050 53,800 94.4 5,560 59,300 81.9 3.38 23.3 0.55 
b 0.0940 5,025 53,500 93.9 5,600 59,600 85.4 5.28 36.4 0.56 
c 0.0915 4,900 53,500 93.9 5,660 61,900 88.6 §.25 36.2 0.55 
USAII11-d ° ifs 3 0.0471 2,710 57,500 100.9 2,750 58,400 83.6 2.08 14.3 0.58 
e 0.0471 2,520 03,500 93.9 2,525 53,700 76.9 0.85 5.9 0.55 
f 0.0471 2,380 50,500 88.6 2,380 50,500 72.4 0.83 5.7 0.56 
SA112-a bd V/s 4 0.0939 5,210 55,500 97.4 5,600 59,700 85.5 4.85 33.4 0.42 
b 0.0927 5, 54,000 94.8 5.760 62,100 88.9 5.65 39.0 0.42 
c 0.0938 4,940 52,600 92.3 5,620 60,000 85.9 4.98 34.4 0.42 
USA112-d ¢ /s 4 0.0470 2,600 55,300 96.9 2,600 55,300 79.1 0.20 1.4 0.42 
e 0.0459 2,400, 52,300 91.7 2,640 57,500 82.3 1.93 13.3 0.44 
f 0.0471 2,550 54,100 94.9 2,550 54,100 77.5 1.05 7.3 0.42 
SA113-a ® */s 6 0.0929 5,380 58,000 101.8 5,480 59,000 84.5 1.33 9.2 0.25 
b 0.0916 5,240 57,100 100.1 5,520 60,200 86.2 2.70 18.6 0.23 
c 0.0929 5,050 54,400 95.4 5,770 62,100 88.9 5.18 35.7 0.25 
USA113-d bd t/s 6 0.0470 2,580 54,900 96.3 2,580 54,900 78.5 0.20 1.4 0.25 
e 0.0470 2,570 54,700 96.1 2,570 54,700 78.3 0.20 1.4 0.23 
f 0.0471 2,440 51,900 91.1 2,440 51,900 74.3 0.60 4.1 0.23 
SA1l4-a 0.040 l 2 0.202 9,900 49,000 98.2 12,600 62,400 96.3 6.9 39.4 0.70 
b 0.202 10,200 50,500 101.2 12,500 61,900 95.5 8.05 46.0 0.70 
c 0.202 10,200 50,500 101.2 12,200 60,400 93.3 5.77 33.0 0.69 
USA114-d t 1 2 0.0980 5,140 52,500 105.1 5,600 57,100 88.2 2.73 15.6 0.69 
€ 0.0979 5,270 53,900 108.0 5,500 56,200 86.8 1.75 10.0 0.69 
{ 0.0979 5,420 55,400 111.0 5,420 55,400 85.5 0.75 4.3 0.69 
SA115-a tT /s 2 0.203 10,100 49,800 99.8 12,800 63,000 97.2 9.28 53.0 0.73 
b 0.203 10.300 50,800 101.8 12,650 62,400 96.3 7.90 45.1 0.77 
c 0.201 10,300 51,200 102.6 12,200 60,700 93.8 5.53 31.6 0.75 
USA115-d Tt /s 2 0.0976 5,180 53,000 106.1 5,620 57,500 88.8 2.18 12.5 0.73 
e 0.0989 5,100 51,600 103.4 5,900 59,700 92.2 3.65 20.8 0.7! 
: f 0.0988 5,000 50,600 101.3 5,640 57,100 88.2 3.23 18.5 0.73 
SA116-a t 3/4 3 0.2045 10,650 52,100 104.3 12,800 62,600 96.7 6.73 38.4 0.42 
b 0.2022 10,600 52,400 105.0 12,200 60,300 93.0 4.58 26.2 0.42 
c 0.2023 10,300 50,900 102.0 11,550 57,000 88.0 3.88 22.2 0.44 
USA116-d t */6 3 0.101 5,150 51,000 102.2 5,600 55,500 85.7 2.30 13.1 0.42 
e 0. 5,100 51,100 102.4 5,500 55,100 85.1 2.08 11.9 0.44 
f 0.0986 5,150 52,200 104.8 5,400 54,700 84.5 1.83 10.5 0.44 
SA117-a t V/s 3 0.201 10,200 50,700 101.8 12,000 59,700 92.2 5 40 30.8 0.56 
b 0.200 10,200 51,000 102.2 12,200 61,000 94.2 7.00 40.0 0.55 
c 0.200 10,650 53,300 106.9 12,400 62,000 95.7 5.85 33.4 0.55 


(Table continued on next page) 
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Specimen Spot per Specimen Yield Strength -——— Ultimate Strength. ——Elongation—~ A 
Type Gage Spacing, Speci- Area, Load Efficiency, Load Efficiency, in Efficiency, 
and No In. In. men Sq. In Lb. Psi % Lb. Psi. % In % — 

USA117-d t 5/5 3 0.101 5,170 51,100 102.4 5,700 56,400 87.1 3.10 p ay 0.52 
e 0.101 5,250 52,000 104.1 5,880 58,200 89.8 3.40 19.4 0.56 
f 0.100 5,200 52,000 104.1 5,770 57,700 89.1 3.10 17.7 0.58 
SA118-a t 1/y 4 0.204 9,900 48,500 97.3 12,150 59,500 91.9 5.60 32.0 0.44 
b 0.2015 10,350 51,400 103.0 11,800 58,600 90.6 4.60 26.3 0.45 
c 0.2025 10,300 50,900 102.0 12,400 61,200 94.5 6.70 38.3 0.44 
USAI118-d t ‘/y 4 0.0999 5,020 50,300 190.9 5,350 53,600 82.8 1.70 9.7 0.47 
e 0.0999 5,000 50.100 100.5 300 53,100 82.0 1.87 10.7 0.44 
f 0.0999 5,020 50,300 100.9 5,500 55,100 85.1 2.65 15.1 0.44 
$A119-a 7 /s 6 0.199 10,000 50,300 100.9 11,750 59,000 91.0 4.7 26.8 0.27 
b 0.203 10,200 50,300 100.9 59,100 91.2 6.1 34.8 0.25 
c 0.198 10,100 51,000 102.2 11,350 57,300 5 3.8 21.7 0.23 
USAI119-d t t/s5 6 0.101 4,990 49,400 99.0 5,740 56,800 87.7 4.0 22.8 0.25 
© 0.101 5,100 50,500 101.1 5,330 52.700 81.4 1.6 9.1 0.25 
f 0.101 5,080 50,300 100.9 5,080 50,300 77.7 0.6 3.4 0.27 
SA120-a 0.064 1 2 0.303 14,500 47,900 109.4 18,650 61,500 96.1 7.4 36.1 0.69 
b 0.3055 14,800 48,500 110.8 18,600 60,900 95.2 7.15 34.9 0.67 
c 0.301 14,400 47,900 109.4 17,550 58,300 91.1 5.1 24.8 0 66 
USA120-d t 1 2 0.1508 7.050 46,800 106.9 8,000 53,000 82.9 3.2 15.6 0.70 
€ 0.1491 6,980 46,800 106.9 7,980 53,500 83.6 3.3 16.1 0.67 
f 0.1496 6,900 46,100 105.1 7,980 53,400 83.4 3.6 17.6 0.69 
SA121-a t Vs 2 0.301 14,400 47,900 109.4 18,500 61,500 96.1 7.1 34.6 0.75 
b 0.3025 15,250 50,400 115.0 18,650 61,600 96.3 7.6 37.0 0.72 
c 0.302 14,500 48,000 109.8 18,700 62,000 96.9 7.6 37.0 0.72 
USA121-d ? /s 2 0.1515 7,130 47,000 107.3 8,350 55,100 86.1 4.0 19.5 0.73 
c 0.1507 7,270 48,200 110.0 8,420 55,900 87.3 3.4 16.6 0.73 
f 0.1505 6,900 45,900 104.9 8,450 56,100 87.7 4.5 22.0 0.75 
SA122-a 3 0° 302 14,550 48,200 110.0 18,500 61,300 95.7 7.2 35.1 0.39 
b 0.304 18,100 59,500 93.0 ee 0.41 
c 0.298 14,300 48,000 109.8 18,300 61,400 95.9 7.4 36.1 0.41 
USA122-4 t /e 3 0.1470 7,200 49,000 112.0 8,320 56,600 88.5 $8.5 ° 17.1 0.41 
e 0.1481 7,130 48,100 109.9 8,200 55,400 86.5 3.7 18.0 0.42 
f 0.1491 7,050 47,200 107.9 8,140 54,500 85.2 3.0 14.6 0.42 
SA123-a t ‘/s 3 0.302 14,800 49,000 112.0 18,450 61,100 95.5 7.2 35.1 0.55 
b 0.306 14,350 46,900 107.1 18,800 61,500 96.1 8.3 40.5 0.56 
c 0.3125 14,050 44,900 102.6 18,900 60,400 94.4 8.7 42.4 0.53 
USA123-d I ‘/s 3 0.1499 6,900 46,100 105.1 7,930 52,900 82.6 2.6 12.7 0.56 
© 0.1497 7,300 48,800 111.2 53.500 83.6 2.0 9.8 0.56 
f 0.1508 7,100 47,100 107.6 8,300 55,000 86.0 3.2 15.6 0.55 
SA124-a t ‘/s 4 0.315 14,400 45.700 104.4 16,550 52,500 82.0 3.35 16.3 0.39 
b r 0.3155 14,950 47,400 108.1 18,800 59,600 93.2 6.8 33.2 0.44 
c 0.3115 15.200 48,900 111.7 19,050 61,200 95.6 8 35 40.7 0.41 
USA124-d t i/s 4 0.1504 7,100 47,200 107.9 7,700 51,200 80.0 1.6 7.8 0.42 
e 0.1507 7,180 47,700 109.0 7,680 51,000 79.7 1.55 7.6 0.42 
f 0.1492 7,200 48,200 110.0 8,090 54,200 84.7 3.3 16.1 0.42 
SA125-a t ‘/e 6 0.303 14,690 48,200 110.0 17,900 59,000 92.2 5.2 25.4 0.22 
b 0.308 14,300 46,400 106.0 16,050 52,100 81.4 2.9 14.1 0.23 
c 0.302 14,350 47,500 108.4 17,750 58, 91.8 5.95 29.0 0.27 
USA125-d t "/s 6 0.1460 7,180 49.100 112.1 8,050 55.100 86.1 2.5 12.2 0.25 
e 0.1469 6,980 47,500 108.5 7.790 53,000 82.9 25 12.2 0.22 
f 0.1482 7,200 48,600 111.0 7,650 51,600 80.7 1.7 8.3 0.25 


* All welds sound. Average shear strength per weld = 292 Ib. (single-spot test specimens). 
All welds sound. Average shear strength per weld = 550 Ib. (single-spot test specimen). 
All welds sound. Average shear strength per weld = 930 Ib. (single-spot test specimens). 
e Table 10 for average values of properties of unwelded sheet upon which efficiencies are based. 


the center. For the unstressed attachment specimens 
a 1-x 10-in. strip was welded to the center of an 8- x 10-in. 
piece with a single row of spots. One panel of each of 
these types were made up with the following spot spac- 
ings: 1, 7/s, °/s, 1/2 and in. Three specimens, 
2*/, in. in width, were cut from each panel, and the end 
welds of each panel were discarded. Test strips were 
welded with each of the spot spacings in each gage, and 
the welds were sectioned for diameter measurements. 
Whenever it appeared that a decrease in spot spacing 
was causing a decrease in weld diameter due to short cir- 
cuiting, the welding current was increased in order to 
maintain a constant weld diameter. The welding con- 
ditions for these panels are shown in Table 7. 

The average values of sheet efficiency are presented in 
Table 8, and the test data are listed in Table 12, Appen- 
dix. Figure 10 shows typical stress-strain records of 
specimens with 1- and */s-in spot spacings in the three 
gages of material. It should be noted that the elonga- 
tion scale for specimen SA-114A in this series is 1.25% 
elongation per inch rather than 2.5% per inch as with the 
other specimens. Therefore the total elongation of this 
specimen is practically the same as that for the specimen 
SA-119B. These results show that the yield and ulti- 
mate strength efficiencies are relatively little affected 
by changing the spot spacing. The values for elongation 
efficiency fluctuate somewhat but there appears to be a 
reduction of efficiency at the closest spacing. The yield 
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strength efficiencies show a pronounced increase with 
increase in material thickness. The ultimate strength 
efficiencies and elongation efficiencies are much lower for 
the USA specimens than for the SA specimens as was 
previously observed in the case of the single-spot speci- 
mens containing sound welds. 

It should be noted that the yield strengths of all these 
specimens are much higher than those of the single- 
spot specimens made from the same stock, the results 
of which have been discussed and which are presented 
in Table 4. Also the ultimate strengths in the case of 


Table 13—Impact Strength of Spot-Welded and Riveted 
Lap doint Specimens in 0.064-In. Alclad 24S-T 


Specimens 9 in. long and 1 in. wide. 
Spot weld shear strength, single-spot specimen, 933 Ib. 
All rivets */ in. diameter. 


No.of Welds Av. Impact Strength, 


or Rivets in Ft.-Lb. 

Line Parallel Brazier Type of Failure 

to Direction Spot Head Flush Spot 

of Testing Welds Rivets Rivets Welds Rivets 

1 3.5 3.4 4.6 Shear Shear 
2 7.5 Shear 
3 22.7 8.1 10.7 Shear tear Shear 
4 21.3 ka Shear tear 
5 23.0 25.4 23.9 Shear tear Shear tear 
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the SA specimens are approximately equal to, or in the 
case of the USA specimens are somewhat lower than the 
ultimate strengths of the single-spot specimens. There- 
fore, the yield-ultimate ratio for the multiple-spot 
specimens will be considerably smaller than that for the 
single-spot specimens, indicating lower ductility. This 
is clearly evidenced by the generally lower values of 
elongation for the multiple-spot specimens. 

The variations in test results for the different spot 
spacings and between individual tests for any one spot 
spacing may be explained by the design of the test 
specimen and the method of testing. In designing 
these specimens it was believed desirable to make them 
as wide as the grips of the testing machine would permit. 
All specimens were therefore cut 2*/; in. in width. In 
keeping the specimen width constant it was not. possible 
to vary the spot spacing and keep the edge distance pro- 
portional to the spacing. Variations in both relative and 
absolute edge distance between specimens with one spot 
spacing and specimens with another spacing may affect 
the results. The multiple-spot specimens were held in 
the testing machine by ordinary wedge grips which do 
not guarantee a uniform distribution of load over the 
width of the specimen. Some form of self-aligning con- 
nection would have been preferable. 

In determining the elongation of the multiple-spot speci- 
mens with the automatic stress-strain recorder, it was 
necessary to locate the extensometer away from the center 
of the specimen owing to the limited throat depth of the 
extensometer. 

Further studies to explain the low values of elongation 
of sound weld multiple-spot sheet efficiency specimens 
should be made by the photogrid method. This method 
should show whether the metal between the spot welds 
elongates, thus transferring the load to the spot-weld 
area resulting in a high concentration of stress. The 
stress concentration at the spot-weld area might be ex- 
pected to result in failure at this point before the major 
part of the metal in the 2-in. gage length has been caused 
to elongate appreciably. The stress-strain method of 
determining elongation, used in this investigation, is 
preferable to the photogrid technique as a general ap- 
proach to the study of elongation. However, when 
results are obtained such as have been found in this in- 
vestigation, the more time-consuming photogrid method 
may advantageously be employed for the purpose of ex- 
plaining the results obtained. 


Conclusions 


_As a result of this investigation the following conclu- 
sions have been drawn: 
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1. Multiple-spot static sheet efficiency specimens 
give results which are the same or lower than those ob- 
tained with the single-spot specimens. The relative 
magnitude of the effects of weld quality and type of 
specimen remain the same. 

2. The size of the spot weld has no effect on the static 
sheet efficiency, providing the welds are properly fused 
and free from cracks. 

3. The spacing of the spot welds, within the range 
from 1 to */s in., has little effect on the static sheet effi- 
ciency, although there is some reduction at the closest 
spacing. 

4. The effect of material thickness on static sheet 
efficiency is not great when comparing the results ob- 
tained with 0.040- and 0.064-in. material. However, 
the results obtained with 0.020-in. material were very 
much lower than those obtained with the heavier gages. 

5. The results obtained with impact loading of sheet 
efficiency type specimens parallel those obtained under 
static loading. The impact strength of sheet efficiency 
type specimens, expressed in foot-pounds per square 
inch, is higher for stressed attachment specimens than 
for unstressed attachment specimens, and higher for 
0.040-in. material than for 0.020-in. material. 

6. The fatigue strengths of sheet efficiency type 
specimens were greatly affected by the presence or ab- 
sence of cracks. The presence of cracks reduced the 
fatigue strengths of both types of sheet efficiency speci- 
men to about the same extent. This result is in contrast 
to the results obtained with unstressed attachments under 
static test, where the presence of cracks did not appre- 
ciably reduce the sheet efficiency owing to the reinforc- 
ing effect of the scab attachment. 

7. Weld quality, as determined by the presence or 
absence of cracks, is the predominating factor in deter- 
mining the effect of spot welding on sheet efficiency. 
Under static loading weld quality had its most pro- 
nounced effect on the elongation of the sheet. 

8. The yield strength of Alclad 24S-T sheet is af- 
fected only slightly or not at all by the presence of spot 
welds, regardless of the type of specimen or the quality 
of the spot weld. Under some conditions the spot welds 
raisé the yield strength of the sheet. 
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A Review and Summary 


Carbon and Live Alloy Steels 


By George G. Luther, + Clarence E. Jacksont and Carl E. Hartbowert 


Abstract 


The following report constitutes a re- 
view and summary of all the weldability 
tests that are considered by the authors as 
pertinent to ship hull construction. The 
specimen preparation, testing procedure 
and relative merits of twenty tests are 
considered either briefly or at length de- 
pending upon the degree of complexity of 
the test. Each was placed in one of the 
following three categories: (I) direct tests 
for measuring weld ductility, (2) cracking 
tests and (3) indirect tests for evaluating 
weldability. An attempt has been made 
to bring into sharper focus the more vital 
factors entering into the choice of specimen 
for a particular weldability determination, 
such as the consideration of testing tem- 
perature, degree of constraint and rate of 
loading. Appended are discussions of (1) 
the difficulties in defining the term ‘“‘Weld- 
ability” and (2) the theoretical considera- 
tions and terminology involved in using 
the bead weld in evaluating weldability. 


‘INTRODUCTION 


Statement of the Problem 


HE selection of an adequate weld- 

ability} test specimen is a problem 
that constantly confronts the welding 
engineer in selecting weldable material 
and in determining the proper welding 
methods and techniques. The develop- 
ment of tests for measuring the relative 
weldability of a steel has been the subject 
of extensive investigation. Weldability 
tests are required in any program to de- 
velop or select weldable material or to de- 
termine optimum methods and techniques 
for a welding process. The factors which 
must be considered in the design or selec- 
tion of weldability tests are numerous. 
The specimens should not be complicated 
in design and it is desirable that a mini- 
mum amount of machine work be required. 
Test methods should be reproducible and 
have sufficient sensitivity so that the effect 
of changes in welding technique may be 
detected. Tests should also distinguish 
between the differences in the weldability 
of similar materials and be adaptable to 
studies including variations in thickness of 
the material. Finally, tests should be de- 
signed to approach the service require- 
ments of the structure in so far as rigidity, 
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rate of loading and temperature are con- 
cerned. 

Any welding procedure may be compli- 
cated by a large number of variables, such 
as energy input, preheat and postheat 
temperatures, electrode type and diameter, 
chemical composition and mechanical 
properties of the base metal, welding se- 
quence, joint design and constraint of the 
structure. In an attempt to simplify 
laboratory procedures, investigators usu- 
ally consider but one or two of the variables 
atatime. This has brought about consid- 
erable confusion in the interpretation of 
weldability testing since each proponent 
of a test interprets his results in light of 
the variables which he has used in his in- 
vestigation. In the comparison of tests, 
many of the methods of evaluating weld- 
ability will rate materials or procedures 
qualitatively in the same order—a quanti- 
tative evaluation is much more difficult. 

Another consideration that is paramount 
in testing for weldability is the fact that 
most tests are laboratory tests from which 
it is desired to predict the performance of a 
material or process in a large structure. 
The relationship of small-scale laboratory 
tests to performance in the field structure, 
however, has not been established. Only 
recently have testing temperature, degree 
of constraint and rate of loading been as- 
sociated with the transition from ductile 
to brittle or cleavage type fracture. It 
now appears that these factors will aid in 
establishing the relationship between 
large-scale and smaller-scale laboratory 
tests. 


METHODS OF EVALUATING 
WELDABILITY 


(A) General Discussion 


In the following sections a number of 
the methods of evaluating weldability are 
described in general terms and the discus- 
sions contained therein form a survey of 
the field rather than a detailed evaluation 
of the data which are available. The tests 
are divided into two groups: first, those 
that measure directly the effect of welding 
on the ductility of a steel and, second, 
those that observe a change in some prop- 
erty, such as the maximum hardness of 
the heat-affected zone, and assume a direct 
correlation between this change and the 
resultant ductility. Broadly speaking, a 
test for weldability consists of subjecting 
the material to the temperature cycle in- 
volved in the welding process and then 
evaluating the ductility of the resulting 
structures. The thermal cycle may be that 
obtained by an actual welding operation, 
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or the effect of welding temperatures may 
be simulated by subjecting test samples to 
special heat-treatment routines. 

A factor which is of increasing signifi- 
cance is the effect of temperature of testing 
on the ductility of plate and welded test 
specimens. There exists a temperature be- 
low which, for a given degree of constraint 
and rate of loading, a cleavage or brittle 
type of fracture will occur with low energy 
absorption during fracture. The cleavage 
type fracture may be accompanied by an 
appreciable amount of ductility in a weld- 
ability test specimen that involves only 
normal degrees of constraint. It is signifi- 
cant to note, however, that with the severe 
constraint imposed by notching or with 
rigid construction, evidence of ductility 
in the fracture may be almost entirely 
lacking. The rapid decrease in the energy 
absorbed by some steels due to a decrease 
in testing temperature at or around room 
temperature, for example, in the V-notched 
Charpy impact test, has been recognized 
forsome time. The transition temperature 
may be affected by a large number of vari- 
ables, such as rate of loading, constraint 
incorporated in the design of the test 
specimen and numerous metallurgical fac- 
tors. 

The transition temperature is of im- 
portance in structural steels because it 
marks a region of extreme notch sensitivity 
within the range of temperatures at which 
the steel may be structurally applied. 
Current investigations indicate that the 
failure of some of our welded Maritime 
ships was due in part to an inability to 
withstand distortion, particularly in the 
joints, without premature or cleavage 
type ruptures. 


(B) Direct Tests for Measuring Weld 
Ductility 


It is generally agreed that ability to de- 
form is evidence of ductility in a metal, 
whether in a welded or otherwise fabri- 
cated structure. A highly desirable, in 
fact, necessary feature of ship hull and 
many other structures is the ability to 
withstand severe distortion, particularly 
in the joints, without premature or cleav- 
age type ruptures. It is not to be ex- 
pected that the maximum angle of bend 
or any other numerical value obtained 
from a weldability test on a welded joint 
is a direct measure of the amount of dis- 
tortion the joint can withstand in the 
assembled structure. However, such data 
may be used in any investigation as 4 
means of comparison of the welding quali- 
ties of a number of structural steels, as- 
suming these properties are related to the 
service requirements of the welds. Free 
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the same dimensions with just enough 
metal machined and ground from the 
root of the weld to eliminate surface ir- 


regularities. The ground surfaces of the 

specimens were surveyed for changes in 

DIRECTION ected zone by a row of diamond pyramid 
~ tine 2 BAL Vickers indents made with a 10 kg. load. 
r hye These were spaced at 0.050 in. intervals 
4 to provide gage marks for determining 

local changes in ductility on bending.® 

AT, In order to measure the actual surface 
distance between the gage marks, an 
inked impression of the hardness indents 
was taken on a section of transparent 
SURFACE GROUND cellulosic tape which was then mounted 

WELD ROOT BEND on a piece of cardboard. The increase in 

length between each gage length was 

Fig. 1—Details of Single-V Groove Weld Test Specimen readily measured by using a comparator. 


In the hardness surveys (Fig. 2) the 


and guided bend specimens have been 
widely used for face, root and side bends 
of butt-welded joints. The tee bend is 
another guided bend test which again 
makes use of an actual welded joint. x 
The bead weld* finds extensive applica- ~ + 

tion in testing for weldability in that it 4 bah } 4 = 
provides drastic metallurgical conditions, 1 106 120 |_27¢ | | 1290-1 306 
lends itself to definite standardization} DISTANCE 

and reduces the number of variables to a HARONESS SURVEY ACROSS ROOT OF SINGLE V-GROOVE WELD IN 
minimum. Consequently, in addition to CARBON STEELS (INDENTATIONS SPACED AT .050 INCHES) 

the single pass fillets of the tee bend test, 
there are a number of weldability test ' 
specimens based on the use of a single | 10c | _ 
stringer bead. Such specimens include ” 
the nick bend, V-notched impact, longi- 
tudina! slow bend, and others. 
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(1) Single- V Groove Weld Test 
practical test for weldability of steels. 
In a study of the various tests for weld- 
ability, a set of experiments on full welds 
carbon steels was reported by Jackson DISTANCE 
ae ee ee DUCTILITY SURVEY ACROSS ROOT OF SINGLE V-GROOVE WELD BENT TO 
were made between '/, in. plates using a 5 
transverse to the direction of rolling, 
using automatically controlled conditions 
of 200 amp. current, an are voltage of 30 gt 
Five or six beads were required to com- peta 
plete each weld. The plates were allowed 10C .27C 50C 
to cool to room temperature between STRAIN 

The test specimens consisted of strips ROOT BEND SPECIMENS 
l'/, in. wide and 7 in. long cut transverse 
to the weld (Fig. 1). One of these speci- 
with just enough metal machined and 
ground from the face of the weld to elimi- 40) 
nate surface irregularities. This speci- 
men. The other specimen, referred to as 
the root bend specimen, was shaped to 

tIn any study attempting to evaluate the 
weldability of a material, it is important that the 
variables be reduced to a minimum. In order to 
ing, it is considered desirable to use fully auto- 
matic welding equipment. It is also important 
that the electrodes selected for test purposes be 

#1 any one electrode and uniform from box t 

same brand and model as well as among generators CARBON CA RBON 
different types. To minimize this variable it is 
esirable to use the same generator throughout an 


The single-V groove weld provides a 
in twenty commercial, hot-rolled, plain 
90° single-V groove joint with the weld FAILURE (INDENTATIONS SPACED AT O5SO INCHES) 
v. and a speed of travel of 6 in. per minute. 
beads. EFFECT OF CARBON CONTENT ON STRESS-STRAIN DIAGRAMS OBTAINED FOR 
mens was shaped to a thickness of */, in. 
men is referred to as the face bend speci- 
* See Appendix B. 
minimize the human element of manual are weld- 
uniform in operation, and that the properties of 
acteristics vary among welding generators of the PERCENT PERCENT PERCENT 
investigation. Fig. 2—Single-V Groove Weld Test Data 
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Fig. 3—Details of Longitudinal Bead Weld Slow Bend Speci- 


men 


weld deposits in the low carbon steels 
were considerably harder than the base 
metal. The change in hardness of the 
weld deposit was not as great as the 
change in hardness of the base metal with 
increasing carbon content. Therefore, 
in the higher carbon steels the base metal 
had a somewhat higher hardness than the 
weld metal. The hardness of the heat- 
affected zone and the weld deposit were 
almost equal when the carbon ranged from 
0.28 to 0.35%. In the lower carbon 
steels a ductility survey of both the root 
(Fig. 2) and face bend specimen was of 
doubtful value since there was a general 
“give and take’”’ of the material across the 
weld before failure occurred in a test 
specimen. Failure did not occur as a 
single sharp crack but rather as a tearing 
action over an extended area and con- 
sisted of numerous breaks in the con- 
tinuity of the metal. This sort of failure 
is probably to be desired, while the sharp 
rupture obtained in the higher carbon 
steel is to be avoided. The carbon con- 
tent at which the failure occurring over a 
general area changed to a failure restricted 
to a small gage length could not be defi- 
nitely established. In addition to hard- 
ness and local elongation, the stress- 
strain diagram, the angle of bend, the 
energy absorption at maximum load and 
the per cent over all elongation at failure 
were noted (Fig. 2). The root bend data 
of these tests indicate that for the degree 
of constraint in this specimen and for the 
rate of loading employed a transition from 
ductile to cleavage behavior occurred at 
approximately 0.030% carbon content 
when tested at room temperature. It 
is to be expected that other welding tech- 


BEAD WELD 
SURFACE GROUND 


TEST SPECIMEN 


0.10 


niques may shift this transition to other 
carbon levels. 

Face bend tests showed considerable 
scatter as a result of the variables in- 
troduced by the multipass operation. In 
general, the data obtained from the root 
bend specimens were more consistent in 
behavior since the root consisted of one 
bead, the first, while the weld metal in the 
face bend contained parts of two or three 
beads. 


(2) Longitudinal Slow Bend Test 


The British®® have translated a dis- 
cussion of a German publication of 1938 
by Kommerell** and Bierett* who sug- 
gested a longitudinal bead weld specimen 
for determining the weldability of a 
manganese structural steel (St 52). The 
specimen was larger than those subse- 
quently used by American investigators. 
The bead was deposited in a semicircular 
groove 12 in. long in the center of a plate 
approximately 40 in. long, 8 in. wide and 
up to 2 in. thick. Two methods of eval- 
uating the test were employed: (1) the 
measurement of the angle at which crack- 
ing first propagated into the base metal 
and (2) the classification of the type of 
fracture either as a sudden fracture with- 
out appreciable previous deformation or 
as a gradual fracture after the develop- 
ment of a considerable degree of bending. 

The German investigators observed 
that there was no obvious connection be- 
tween the angle of bend at fracture and 
the hardening in the heat-affected zone 
adjacent to the fusion line. Rather, the 
angle is a measure of the deformation and 
brittleness of the material itself under 
special stressing. Consequently, the 
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Fig. 4—Influence of Welding on the Per Cent Carbon at 
ich There Occurs a Transition From Ductile to Brittle Failure 
at Room Temperature in the Longitudinal Slow Bend Test 


stipulation of a determinate bending 
angle was rejected and it was required 
simply that the longitudinal bead weld 
specimen should not exhibit any signs of 
brittle fracture. The test was generally 
considered extremely severe but, never- 
theless, useful in evaluating the sensitivity 
of a steel to welding. However, the Ger- 
mans experienced difficulty in selecting 
an index which would be agreed upon as a 
guide to weldability. 

American investigators have found the 
longitudinal bead weld, slow bend test 
to be probably the simplest and most 
flexible of all ductility tests in lighter 
gage, high strength materials, such as 
aircraft steels.” However, the success of 
the test in low carbon steels is confined to 
the heavier gages. Harter, Hodge and 
Schoessow"* in an attempt to evaluate the 
relative weldability of a series of thirteen 
carbon manganese steels of an approxi- 
mately equal yield strength (50,000 to 
55,000 psi.) containing varying carbon- 
manganese ratios, used the longitudinal 
slow bend test in conjunction with maxi- 
mum hardness and microstructure. A 
single bead weld was deposited on a test 
plate 18 in. long, 3 in. wide and '/, and 
1'/, in. thick using a */,. in. diam. elec- 
trode with 205 amp. and a speed of travel 
of 9 in. per minute (voltage not reported). 
The test specimen consisted of a strip 
in. long, in. wide and 3/s in. thick 
with the excess weld metal machined and 
ground flush with the top surface of the 
plate. Bend tests were made with the 
welded surface in tension, elongation of 
the tension face being used as an index of 
weldability. As a result of these exper! 
ments the investigators found that the 
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Fig. 5—Tee Bend Specimen Details 


simplicity and general uniformity of re- 
sults on duplicate specimens of the longi- 
tudinal slow bend test made its adop- 
tion, along with hardness measurements 
in the heat-affected zone, desirable as a 
measure of the weldability of steels. 

In an investigation consisting of a com- 
parison of tests for weldability of twenty 
low carbon steels by Jackson and Luther,* 
the longitudinal bead weld, slow bend 
test was applied in a modified form (Fig 
3). Three values of current were used: 
namely, 210, 175 and 130 amp. all with a 
26 v. arc and a speed of travel of 6 in. per 
minute using automatic welding. Data 
showing the relation of carbon content to 
the angle of bend at maximum load for 
the 175 amp. bead welds are presented in 
Fig. 4. A distinct drop in the properties 
is indicated as the carbon content in- 
creases above 0.35%. This carbon con- 
tent level is somewhat higher than the 
transition zone indicated by the root 
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Fig. 6—Apparatus for Loading the Tee Bend Test Specimen 
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bend specimens of the single-V groove 
test. In analyzing the data it would ap- 
pear that the test is insufficiently sensi- 
tive to measure the effect of changes in 
welding technique on non-alloy steels con- 
taining less than 0.35% carbon. It was 
further observed that a low angle of bend 
at maximum load in this test definitely 
classifies the material as unsuitable with- 
out preheat. 


(3) Tee Bend Test 


The tee bend test for comparing the 
welding quality of steels has been de- 
scribed by Ellinger, Bissell and Williams.'* 
For the purpose of their investigation it 
was decided that the most informative 
results would be obtained from a double 
fillet tee joint tested as a guided bend 
specimen without removing any metal 
from the face of the weld. This decision 
seemed justified since this type of joint is 
one of the most widely used in shiphull 
construction and, furthermore, the ability 
of the specimen to withstand bending 
distortion without rupture in the welded 
areas is an indication that such a joint can 
absorb a proportionate share of the dis- 
tortion of the structure as a whole. 

Specimens for this test are prepared 
from '/,, '/2 or */, in. thick plate. A 
tee section (Fig. 5) is made by attaching 
a 4 by 24 in. plate to a 12 by 24 in. 
plate with fillet welds. Specifications of 
the specimen require close tolerances on 
the size of the fillets, the fillet size being 
specified as one-half of the plate thick- 
ness. Tee bend specimens are cut from 
the assembly; each specimen is a tee 
strip measuring 1'/, in. in width taken 
perpendicular to the fillets of the tee sec- 
tion. A special jig is used for bending the 
specimens (Fig. 6) and the angle at maxi- 
mum load to which the base of the tee is 
bent is recorded together with the load 
and type of fracture at failure. Bibber 
and Heuschkel® have suggested the meas- 
urement of the energy absorbed in de- 
formation as an additional index. 

Ellinger, Bissell and Williams using 
temperatures between 70° F. (21° C.) 
and —20° F. (—29° C.) found that plates 
welded at low temperatures had lower 


angles of bend and more plate metal 
failures than those welded at room tem- 
perature and, moreover, the temperature 
of testing had more effect on the angle of 
bend and on the plate metal failures than 
the temperature of the plate when welding 
was begun. Likewise, it is to be noted 
from the data reported by Bibber and 
Heuschkel that there is a considerable 
variation in the performance of steels 
tested at 70° F. (21° C.) and —20° F. 
(—29°C.). 

The tee bend test is limited for a given 
electrode diameter to a specific energy 
input level because of the restrictions on 
fillet size. This prevents the use of this 
test in determining the effect of changes 
in welding technique on a given material 
and, consequently, the test does not as- 
sure adequate performance at a lower 
energy input level than that required to 
obtain the prescribed fillet size. Luther 
and Jackson‘! have shown that a larger 
(#/,6 in.) diam. electrode may be used on 
1/, in. thick plate, instead of the stand- 
ard */ in. diam. electrode, with an in- 
creased travel speed to obtain the re- 
quired fillet size. The lower energy input 
level resulting from the increased travel 
speed was found to increase the sensitivity 
of the test. In addition, it was found 
that an increase in the time elapsing be- 
tween welding and testing may result in 
an improvement in ductility for those 
steels with low ductility. 

The tee bend test summarizes the per- 
formance of a welded joint; both the 
quality of the base metal and the be- 
havior of the weld joint are indicated. 
Although the presence of laminations or 
other irregularities in the plate material 
are easily shown by the type of fracture, 
little or no indication is given as to the 
exact effect of weld heat-treatment since 
no procedure is set up for comparing base 
metal and welded specimens. 


(4) Notched Bend Test 


(a) Slow Bend (V-Notched).—Cor- 
nelius and Fahsel* developed a notched 
bend specimen which consisted of a trans- 
verse bead weld containing a notch ma- 
chined with its apex touching the fusion 


Fig. 7—Details of the V-Notched, Slow Bend Specimen 
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line. The test was conducted by bend- 
ing a 0.2 in. thick specimen around a 0.4 
in. diam. pin until the first appearance of 
a crack at the root of the notch. The 
angle of bend at failure was considered to 
provide a measure of the ability of the 
material in the heat-affected zone to un- 


a") 


Fig. 8—Location of a V-Notch with Its ao 
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mens are etched in a 5% nital solution and 
the V-notch is located so that the apex of 
the notch is touching the fusion line (Fig. 
8). The specimen is bent to failure in a 
qualification test jig and the angle at 
maximum load for each specimen is 
measured. For comparison, an identical 
specimen from the unwelded plate ma- 
terial is also made. 

Considerable data have been presented 
by the Naval Research Laboratory using 
this specimen. 27,28 The slow bend 
(V-notched) test is applicable to any 
thickness of steel over */s in. and the 
welding technique may be varied to suit 
practical limitations. The large amount 
of careful machining required has been a 
legitimate objection to this test, although 
Brooks‘ states: ‘It may be argued that 
this test involves too much laborious and 
painstaking machining, but the cost, within 
reasonable limits, of an informative, re- 
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dergo plastic deformation. Extensive 
studies were made of the microstructure 
and hardness of cross sections through 
the bead welds. 

Since the test specimen described above 
was of such a small size there was some 
doubt as to the general applicability of 
this test. The specimen has been modi- 
fied by various investigators* * in an at- 
tempt to develop a test method in which 
the effect of welding on the behavior of the 
plate material could be compared with 
that of the unwelded plate. A modified 
test specimen (Fig. 7) developed at the 
Naval Research Laboratory consists of 
strips 1'/; in. wide cut transverse to the 
direction of the bead weld. The single 
bead is welded transverse to the direction 
of rolling on plates 6 x 7 x '/2. in. Only 
sufficient metal is removed from the top 
surface to eliminate irregularities. Ma- 
terial is then removed from the lower 
surface to obtain a specimen 1.5 in. wide 
by 0.375 in. thick with the top and bottom 
surfaces finished by grinding. The speci- 
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Fig. 9—Transition Temperature Study§Longitudinal Plate and Bead Weld, V-Notched 
Charpy Impact Specimen 


We have found this test to be highly re. 
producible and _ informative. |; has 
yielded considerable information on the 
effect of minor variations in preheat o, 
ambient temperatures of the base metal 
as well as upon the relative weldability 
of various steels.” 

No data have been presented showing 
the effect of testing temperature on the 
behavior of the V-notched, slow beng 
specimen. Unreported tests at Naval 
Research Laboratory have shown that 
transition from ductile to cleavage type 
fracture may occur in this specimen at 
easily attainable testing temperatures. 

(6) Impact (V-Notched).—Jackson and 
Rominski® have suggested that single 
and double width Charpy V-notched im- 
pact test specimens may be used to indi- 
cate the degree of notch sensitivity of 
steels both before welding and after hay- 
ing been subjected to the weld thermal 
cycle. The V-notch is machined with 
its apex touching the fusion line of a bead 
weld. By comparing the notched bar 
value of the plate material with that of the 
bead weld test results, an indication is ob- 
tained of the effect of welding on the prop- 
erties of the steel (Fig. 9). In tests per- 
formed at a single temperature, for ex- 
ample, room temperature, the type of 
fracture is recorded in order to indicate 
whether the transition temperature is 
above or below that particular testing 
temperature. Additional tests _per- 
formed over a range of temperatures 
permit the actual location of the transition 
zone. However, a quantitative method of 
determining the temperature at which 
transition from ductile to cleavage type 
of fracture occurs is yet to be ascertained 
Although a number of methods have been 
suggested, an apparently satisfactory and 
most convenient method is to take the 
inflection point on the curve as the loca- 
tion of the transition temperature. Prob- 
ably most satisfactory is the joint con- 
sideration of the curve and the fracture 
appearance (Fig. 10). 

The impact test specimen of bead 
welded plate provides a means of (1) 
rating a series of steels as to their relative 
weldability, (2) determining the methods 
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Fig. 10—Effect of Temperature on V-Notched Charpy Impact Resistance 
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ENERGY ABSORBED IN SLOW BEND-FT LBS 
Fig. 11—Relation of Energy Absorbed by 
V.Notched, Charpy Specimen Tested in 
Impact and Slow Bend at Room Tempera- 
ture 
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notch dominates the behavior of the 
metal; the impact effect here is of second- 
ary significance and the impact method 
of determining the amount of energy ab- 
sorbed in breaking the bar is simply a 
matter of convenience.” 

In general, it may be said that except 
for laminated plate material, high and 
ductile V-notched bar impact test values 
predict good tee bend and V-notched 
slow bend behavior. Conversely, brittle 
V-notched bar impact specimens either 
on the plate material or on bead welds 
predict early failures in the tee bend and 
slow bend specimens. 


(5) Bead Weld Nick Bend Test 


Basically, the bead weld, nick bend 
test** is an outgrowth of the V-notched, 
slow bend test. The slow bend specimen 
has been modified so that a minimum of 


notched with a hack saw in such a manner 
as to restrict the deformation to the mid- 
portion of the specimen when tested as a 
static bend. The notch stops short of the 
heat-affected zone in order that initial 
deformation will occur in the weld metal. 
Failure is caused by rupture of the low 
ductility metal in the heat-affected zone. 
The angle at maximum load is used as an 
index of the ductility of the material. 
The specimen is bent to failure as shown 
in Fig. 12; the maximum load and the 
angle of bend at maximum load are ob- 
served, and if a stress-strain recorder is 
available, a record of the loading be- 
havior is made (Fig. 13). The character- 
istics of the bead weld specimens are com- 
pared with those of identical specimens 
prepared from the plate material. 

The nick bend test provides: (1) a 
measure of the effect of changes in welding 
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and techniques of welding a given steel 
and (3) locating the temperature at which 
a transition from ductile to cleavage type 
fracture occurs. The rather wide scatter 
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Fig. 12—Bead Weld Nick Bend Specimen Details 


preparation is required and so that the 
full thickness of the plate is tested. The 
test specimen (Fig. 12) consists of a trans- 
verse bead-on-plate; the bead weld is 


technique upon the ductility of the heat- 
affected zone of a given steel, (2) a method 
of selecting the most weldable heat of a 
group of steels and (3) a means of deter- 


in test results reported in the past by in- 
vestigators using this specimen was 
probably in many instances due to the 
effect of differences in the transition tem- 
perature of the steels under investigation. 
It is to be noted in connection with the 
V-notched impact test that, in gen- 
eral, the energy absorption in slow bend 
and in impact loading is in close agree- 
ment in homogeneous materials (Fig. 11).** 
However, in the event that the difference 
in rate of loading between impact and 
slow bend should result in a transition 
from ductile to cleavage type fracture at 
the particular temperature of testing, 
then considerable variance in energy ab- 
sorption would be observed. §. L. Hoyt** 
has pointed out that although the fields 
of notched bar testing and impact testing 
overlap, they actually belong in two sep- 
arate categories. ‘‘This is so because the 
stress conditions produced by a notch and 
the stress conditions imposed by impact 
give two different and distinguishable re- 
actions in metals. In this light a test on 
a notched bar which is broken by impact 
remains a notched bar test because the 
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TIME OF STORAGE BETWEEN WELDING AND TESTING 


Fig. 14—The Effect of Time of Storage Between Welding and Testing on the Nick 
Bend Specimen 


mining the temperature of transition from 
ductile to cleavage type fracture. The 
test results are reproducible and the test 
procedure requires a specimen which can 
easily be prepared using only a hacksaw. 
The effect of test variables has been in- 
vestigated and variables such as the depth 
and width of notch have shown satis- 
factory leeway for the usual shop practice. 

In the early testing, using the bead 
weld, nick bend test, consistent results 
could not be obtained although the agree- 
ment between duplicate specimens welded 
at the same time and tested consecutively 
was excellent. Upon further: study, it 
was noted that there was a gradual in- 
crease in ductility of the bead weld, nick 
bend specimen as the time interval be- 
tween welding and testing lengthened. 
This phenomenon was noted for all steels 
tested (Fig. 14). No entirely satisfac- 
tory explanation has been proposed al- 
though it is felt that the increase in duc- 
tility may be attributed to the diffusion 
of hydrogen and/or the relaxation or re- 
distribution of the welding stresses in the 
weld metal and heat-affected zone. It is 
important to remember this factor in 
order to be able to determine the effect of 
other variables in this and other tests of 
welded joints. Practically, it is fortu- 
nate that the change in ductility is toward 
the improvement of the weldment. This 
gives further evidence to support the 
statement often made that if a weldment 
is sound when fabrication is complete, 
the chances for continued satisfactory 
performance are good. In addition to 


variations in time of storage, there are 
also to be considered the variations in 
temperature during storage. Weld duc- 
tility has been found to be sensitive to the 
temperature at which the specimen is 
maintained between welding and testing. 
In an effort to explain the scatter in the 
plot of the data on steel 314 (Fig. 14), it 
was realized that storage continued over 
a change of seasons; thus, variations in 
room temperature might have been the in- 


fluencing factor. To determine the effect 
of temperature a number of specimens 
were stored in an oven between welding 
and testing. A decided increase in dyc- 
tility was noted for specimens main- 
tained at 185° F. (85° C), 212° F. (109° 
C) and 392° F. (200° C.). If the in- 
crease in ductility is a phenomenon of re- 
laxation of the welding stresses and /or 
the diffusion of hydrogen, such an jn. 
crease in ductility is to be expected. 

The nick bend or some modification of 
this type of test specimen promises to be a 
valuable practical tool for determining 
the temperature range in which there is a 
transition from ductile to cleavage type 
fracture. The cleavage fracture is char- 
acterized by a minimum of energy absorp- 
tion beyond maximum load; whereas 
ductile behavior is attended by consider- 
able energy absorption beyond maximum 
load. Two specimens of a steel tested 
over a range of temperatures exhibiting 
typical ductile and cleavage type frac- 
tures are shown on Fig. 15. The change 
from ductile behavior at higher tem- 
perature to cleavage behavior at lower 
temperature is to be noted. The clas 
sification of the types of nick bend 
fracture A-1, C-1, ete., is accomplished 
through the use of load-deflection dia- 
grams as indicated in Fig. 16. 

It has been observed that in a number 
of ship failures the fractured area is at- 
tended by low reduction in area through 
the thickness, a minimum of distortion 
and cleavage type of fracture—all of 
which indicate a high degree of constraint. 
The angle at maximum load, usually 
measured for the standard nick bend 
specimen, includes the general deforma- 
tion of the mid-section of the specimen 
(Fig. 17). In order to decrease the gen- 
eral deformation and restrict the move- 
ment of the metal to that across the heat- 
affected zone, a modification of the nick 
bend specimen may be used (Figs. 13, 17 
and 18). Any modification of the nick 
bend specimen which tends to reduce the 
general deformation will raise the transi- 
tion temperature. 

In comparing results obtained with dif- 
ferent thicknesses of plate, certain limita- 


Chemical composition: C 0.29, Mn 0.56, Si 0.052, S 0.049, P 0.015, Ni 0.01, Cu 0. 02 
Mo <0.01, Cr <0.01, Al<0.01. Welding technique: 175 amp., 26 v., 6in./min. E6010 
electrode, in. diam. 


Fig. 15—Effect of Testing Temperature on Bead Weld Nick Bend Fractures 


WELDING RESEARCH SUPPLEMENT 


A 
8 
Age 
int 
4 
10 
tio 
nic 
sp 
> 
int 
be 
iz co 
we 
of 
wl 
th 
ti 
tw 
al 
in 
se 
t 
a 


DESCRIPTION 


STRESS STRAIN CURVES 


TYPICAL 


PROGRESSIVE FAILURE UNTIL LOAD 
oroPs TO LESS THAN 50%. 


GRADUAL DECREASE IN LOAD AS 
ANGLE IS INCREASED. 


RAPIO PROGRESSIVE FAILURE. 
LOAD DROPS AT LEAST 50% BE- 
FORE ANGLE HAS INCREASED 10° 
BEYOND MAXIMUM LOAD. 


PROGRESSIVE FAILURE FOLLOWED 
BY INSTANTANEOUS” FAILURE BEFORE 
LOAD DROPS 50%. 


INSTANTANEOUS” FANLURE CAUSES 
LOAD TO DROP TO NO LESS THAN 
500 POUNDS. 


INSTANTANEOUS® FAILURE CAUSES 
LOAD TO OROP TO LESS THAN 


500 POUNDS. 


INSTANTANEOUS FAILURE AT MAX- 
IMUM LOAD. LOAD DROPS AT LEAST 
10 %. 


INSTANTANEOUS® FAILURE CAUSES 
LOAD TO DROP TO NO LESS THAN 
500 POUNDS. 


INSTANTANEOUS” FAILURE CAUSES 
LOAD TO DROP TO LESS THAN 


500 POUNDS. 


, ° APPRECIABLE OROP IN LOAD WITH NEGLIGIBLE INCREASE IN ANGLE(USUALLY AUDIBLE) 


Fig. 16—Types of Nick Bend Failures 


tions exist at present in the use of the 
nick bend specimen. Tests have indi- 
-cated that an increase in thickness of 
specimen results in a dual effect: (1) 
an increase in the cooling rate and (2) an 
increase in the mechanical constraint on 
bending. These superimposed variables 
complicate the evaluation of the. relative 
weldability of steel in different thicknesses 
of plate. Also, the effect of changes in 
the grain size in the heat-affected zone, 
which is dependent upon power input and 
thickness of plate, has not been quantita- 
tively evaluated. Nick bend tests on 
two sets of each of six high tensile, low 
alloy steels in a single thickness of plate 
have resulted in equivalent bend angles 
in spite of the fact that power input of one 
set of the specimens was about double 
that of the other set. It is felt that an 
explanation for this apparent discrepancy 
may lie in a consideration of the grain 
size of the heat-affected zone. It was 
noted that the increased power input re- 
sulted in an appreciably coarser grain 
size. Thus, it would seem that the im- 
provement in ductility expected to ac- 
company a decrease in cooling rate with 
higher power input was compensated for 
by the effect that coarse grain size has 
on ductility. 


(6) Clip Test 


The clip test was developed by Sheehan 
of the Portsmouth Navy Yard to provide 
a “spot check” suitable for use in a steel 
mill or a shipyard for determining the 
weldability of a steel plate. The test 
consists of fillet welding four ‘‘clips’’ to 
the steel plate in question (Fig. 19); then, 
after standing 24 hr., the clips are broken 
off by hammering the clip on the side 
Opposite the fillet, bending it with the 


weld as an axis. The fractures are ex- 
amined and recorded as ‘‘pull-out,”’ 
“partial pull-out” or ‘‘weld failure.’’ A 
*‘pull-out” indicates a fracture which 
tears the entire weld fillet out of the base 
plate, the failure occurring in the heat- 
affected zone of the fillet weld; a ‘‘partial 
pull-out’”’ indicates that a portion of the 
fracture pulled out of the base while the 
remainder fractured through the weld 
metal; and a “weld failure’ indicates 
that the fracture was entirely in the weld 
metal with no trace of fracture in the base 
plate. Plates of low weldability should 
give four ‘‘pull-outs” and borderiine ma- 
terials should give “partial pull-outs.” 
Those plates which show ‘‘pull-outs”’ or 
‘partial pull-outs” are marked to be pre- 


Fig. 17—Comparison Between the General Deformation in the 
Standard Bead Weld Nick Bend Specimen and the High Con- 
straint Bead Weld Nick Bend Specimen 


heated before welding; if the clip fracture 
is through the weld, it is assumed that 
the plate is satisfactory for fabrication 
without preheat. 

Rinebolt and Mack“ in reporting some 
observations on the reliability of the clip 
test for weldability evaluation noted that 
the temperature of both welding and test- 
ing must be carefully controlled. As long 
as minor changes in the temperature pro- 
duce inconsistencies, the clip test will not 
be useful quantitatively. In general, the 
clip test is a summary test and its per- 
formance depends upon the relationship 
of the properties of the heat-affected zone 
and the weld metal. The effect of de- 
creased temperature of testing, for ex- 
ample, is difficult to evaluate as the results 
are dependent upon the response to the 
stress pattern resulting from the inherent 
notch at the root of the fillet. The test 
as it is used currenti¥ is a ‘‘go-no-go” 
test, although with proper control it may 
become useful in determining relative 
weldability. In addition the clip test 
has the advantage over other weldability 
tests in that it is nondestructive and pro- 
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Fig. 18—Details of the High Constraint Nick Bend Test Specimen 
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vides a ‘‘spot check” on the weldability 
of any given plate. 


(7) Miscellaneous Tests 


(a) Cold Rolling.—The cold rolling of 
welded specimens has been suggested as a 
drastic test for weldability. Dowdell 
and Hughes™ described the cold rolling 
characteristics of full welds made using 
different thicknesses of two carbon steels, 
one with 0.19% C and 0.53% Mn, and 
the second with 0.45% C and 0.78% Mn. 
Strips, 1'/: in. wide, were taken transverse 
to the weld. Weld faces were ground 
flush with the plate surfaces before rolling. 
A reduction of 0.01 in. in thickness per 
pass was used and rolling was continued 
until failure occurred. 

At the Naval Research Laboratory” a 
similar investigation was conducted. 
Single-V groove welds were subjected to 
cold rolling transverse to the direction of 
the weld. This investigation found little 
correlation between the ability of a steel 
to be cold rolled and carbon content or 
the results of other weldability tests used. 

(b) Transverse Bead Weld Slow Bend.— 
This test specimen consists of a bar with a 
transverse bead weld on the tension sur- 
face of the plate. The specimen may be 
tested as a static bend in any width, in the 
full thickness or in any lesser thickness of 
the original plate and with the reinforce- 
ment of the bead left protruding or ma- 
chined flush with the top of the plate. 
To eliminate the effect of the weld metal 
on bending, the bead welded surface may 
be machined down to a point where all 
weld metal is just removed, leaving only 
the heat-affected zone and parent plate 
to be tested. 

It was suggested® that with a high 
crown bead weld, sufficient mechanical 
constraint could be developed at the toe 
of the weld to induce failure. Specimens 
were prepared from steels '/2, */, and 1 
in. in thickness. In all cases it was 
found that the bending was not restricted 
sufficiently by the toe of the weld to make 
it possible to measure the effect of changes 
in welding technique on the ductility in 
the heat-affected zone in the low harden- 
ability steels investigated. As a result 
of these tests it appeared that the use of 
some type of notch would be necessary 
in order to restrict the deformation to a 
limited area in the heat-affected zone. 
This led to the development of the bead 
weld, nick bend test specimen. 


Welding technique: 100 amp., 25 v., 8 in./min. 
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Weld Failure 
Fig. 19—Clip Test Failure Types 


(C) Cracking Tests 


A survey of the welding literature re- 
veals numerous references to cracking. 
There are various types of cracking as- 
sociated with welding which have been 
divided into two classes by the Welding 
Research Committee: ‘‘Cracks that 
appeared before the welded part was... 
placed in service, and cracks that ap- 
peared upon application of external load 
or after the welded part was placed in serv- 
ice. 
‘Cracks in the hard, heat-affected zone 
are one of the major classes of welding 
cracks. Hard cracks, as they will be 
named, start in the hardened zone close 


to the weld during cooling and seldom 
have any relationship with defects, such 
as laminations or porosity, in the hase 
metal or weld metal.” 

Most of the weld metal cracks that 
have been reported in the literature are 
of a type similar to hot tears in castings. 
The cracks occur during the early stages 
of cooling and, in default of a more ap- 
propriate term, are referred to as “‘auto- 
cracks.” 


(1) Underbead Cracking 


Cracking in the heat-affected zone of 
bead welds has been given wide considera- 
tion as one of the types of hard cracks con- 
tingent on metallurgical phenomena. A 
number of test methods have been pro- 
posed for determining the underbead 
cracking tendency for a particular steel. 
Most of these have been more or less quali- 
tative since wide variations usually can- 
not be avoided in the results. 

Swinden and Reeve* showed that, if 
severe restraint is imposed upon a welded 
joint in a low alloy steel, cracking may 
result in the hardened zone. In addition 
they described a restrained welded test 
piece which could be used to determine 
the conditions required to produce crack- 
ing. The test fillet of the Reeve specimen 
was made while restrained by previous 
construction. The development of this 
test was probably the first important step 
in the recognition of the need for measur- 
ing the crack sensitivity with respect to a 
restrained condition. Wilkinson and 
O’Neil®! in using the Reeve test suggested 
the following qualitative scale as a modi- 
fication of the one used by Reeve for re- 
porting the degree of cracking in sections 
examined: 


Nocracks observed...... Nil 
Cracks only revealed by 
magnetic testing. ..... xX 


Cracks revealed by polish- 
ing on emery paper... .XX 
Cracks revealed by filing. XXX 
Cracks revealed by saw 
XXXX 


The Reeve test was designed for test- 
ing a welded joint under conditions sim- 
ilar to those actually found in production. 
However, it measures essentially only 
two classes of welds, good and bad; there- 
fore, its scope is limited to classifying 
steels into one of these categories. Such 
a test gives no indication of whether the 
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tested condition is slightly or greatly re- 
moved from the threshold of cracking. 

Luther, Laxar and Jackson“ have de- 
scribed a cracking test based upon the 
degree of cracking in the heat-affected 
zones contained in cross sections of bead 
welds. Cracking tests were made on 
specimens (Fig. 20) approximately 4 in. 
long, 2 in. wide and 1 in. thick. The tests 
were welded at two temperature levels, 
10° F. (—12° C.) and room temperature 
(75-85° F., 24-29° C.). A bead 1 to 
1'/, in. long was welded on the center of 
the 4 by 2 in. surface in the direction of 
rolling (4 in. dimension). A '/, in. diam. 
£6010 electrode was used with a welding 
technique of 100 amp., 25 v. and 8 in. per 
min. travel speed. Transverse microsec- 
tions were examined and the amount of 
cracking present was taken as an index ac- 
cording to the following key: “OK” indi- 
cates no visible cracking; ‘‘X,” only one 
small crack; ““XX,”’ one or more large 
cracks; and “XXX,” cracking completely 
around the heat-affected zone (Fig. 21). 
Investigators at Battelle Memorial In- 
stitute and elsewhere have examined 
longitudinal sections of this same type of 
specimen in order to express the degree 
of cracking in per cent of total length of 
the bead. No rigorous quantitative 
method has been developed. 

A subcommittee of the British Institute 
of Welding using the Reeve test (or at 
least one form of it in which only fillet 
welds were used) ‘‘deduced from numerous 
crack tests that: 

1. Cracking is likely to take place in 
steels if the mean hardness in the heat- 
affected zone exceeds 350 Vickers or the 
maximum hardness exceeds 400 Vickers. 


No Cracking 


One Large Crack 


2. Hardness and cracking may be re- 
duced by depositing large fillets, and is 
accentuated by small ones. 

3. Preheating to about 200° C. 
(392° F.) will reduce (hardening and) 
cracking tendency. 

4. Other conditions being equal, thick 
plate produces greater hardening and 
cracking than thin plate. 

5. Certain ‘soft’ mild steel electrodes 
will not induce cracking, even in the 
severely restrained Reeve test piece, de- 
spite the formation of hardened zones ex- 
ceeding the values mentioned in con- 
clusion (1). 

6. Similarly, austenitic (stainless steel) 
electrodes of suitable analysis will pre- 
vent cracking in hardened zones of welded 
alloy steels,’’** 


(2) Theories of Underbead Cracking 


(a) Microscopic Internal Stresses.— 
British investigators have given consider- 
able thought to the problem of cracking. 
The following is an explanation offered 
by Hanson, Cottrell, Winterton and 
Wheeler'* based on stresses. They be- 
lieve...‘‘that a fundamentally satisfac- 
tory account of all the major features of 
hardened zone cracking is provided by 
the following theory. 

“It is well known that the transforma- 


' tion of austenite to martensite gives rise, 


under suitable conditions, to a pattern 
of internal stresses on a microscopic scale 
existing in balanced equilibrium between 
different grains and between different 
portions of the same grain. That such 
stresses may arise to values approaching 
or exceeding the breaking strength of 
martensite is amply proved by the inci- 


dence of minute cracks in fully hardened 
steels, such as has been demonstrated by 
Lucas, and investigated further by 
Davenport, Roff and Bain.® 

“The effect of such stress mosaics on 
the external macroscopic properties of 
materials in which they exist has fre- 
quently been discounted, on the grounds 
that the application of any large-scale 
stress system must necessarily result in 
their substantial elimination by differ- 
ential local plastic distortion. A simple 
mathematical analysis. . .demonstrates 
that this assumption is only true if the 
ductility of the material exceeds a certain 
critical value. In materials having duc- 
tilities below this value, microstresses will 
play an important part in determining 
the external breaking strength, and in 
the limiting case where the ductility is 
zero, the external breaking strength will 
be given directly by the difference be- 
tween the true breaking strength and the 
peak value of the local stresses. 

“If, therefore, it can be shown that the 
ductility of the material constituting the 
hardened zone adjacent to a weld be- 
tween plates of air-hardening alloy steel 
is very small, a general understanding will 
be possible of the failure of such a nomi- 
nally strong material under very low ex- 
ternal transverse stresses. There is cer- 
tainly nothing in the fracturing character- 
istics of the hardened zone to suggest any 
marked ductility; indeed all investigators 
are unanimous in describing the failures 
which occur as essentially of a brittle 
type. Work to establish this point on a 
quantitative basis has been undertaken 
and preliminary results obtained by 
Cottrell show that the percentage elonga- 
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Fig. 21—Photomicrographs of Typical Under Bead Cracking. 60 
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Fig. 22—Relation of Thermal Conditions, Structure and Hardness in Arc Welding 
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tion on air-cooled high alloy steel de- 

: creases progressively as the initial heat- 
treatment temperature is raised. The 

is considerable practical difficulties involved 
a have so far prevented the extension of this 
work to temperatures just below the 
solidus, but extrapolation of the curve 
already established to the solidus tempera- 
ture suggests that in this range the per- 
centage elongation is reduced virtually 
to zero. 

i “We are thus in a position to adopt the 
view that hardened zone cracking may 
be considered to occur by the formation of 
minute cracks under the combined in- 
fluence of large-scale and microscopic 


4 stresses, followed immediately by the 


q opening up of the microcracks into a 


main transverse stress.” 

(6) Dilation Characteristics —Experi- 
ments at the Naval Research Laboratory 
have suggested the possibility of minimiz- 
ing the cracking tendency by the use of 
electrodes with dilation characteristics 
which match those of the parent 
metal.”- #2 This concept is based upon a 
number of considerations. The sche- 
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matic diagram containing a photomicro- 
graph of a steel plate after welding shows 
the weld metal, heat-affected zone and the 
base metal (Fig. 22). It has been shown™ 
that the temperature’ at the fusion line 
rises from the original temperature of the 
base metal to the melting temperature 
(almost 2700° F., 1483° C.) in less than 
10 sec. As the are advances along the 
weld, the temperature of the base metal 
at the fusion line decreases at a compara- 
tively rapid rate. Other points in the 
base metal pass through a similar change 
in temperature; the maximum tempera- 
ture becomes lower as the distance from 
the fusion line increases. When the tem- 
perature of the weld metal and base metal 
js sufficiently high (approximately 1500° 
F., 815° C. or above), they will both be in 
the austenitic state. The temperature at 
which each point in the weld metal and 
base metal transforms on cooling will de- 
pend upon such factors as the rate of cool- 
ing and the chemical composition; the 
addition of alloying elements lowers the 
temperature. The transformation from 
the austenitic condition is accompanied 
by an expansion which is followed by a 
normal contraction as the temperature 
decreases. A contrast in the dilation 
characteristics of a mild steel weld metal 
and a high tensile structural steel is 
shown in Fig. 23. It is to be noted that 
for a cooling rate of 180° F. (100° C.) per 
minute, transformation in the weld metal 
begins at approximately 1475° F. (815° 
C.). For faster cooling rates, this tem- 
perature will be lower. If this mild 


steel electrode is deposited upon a medium 
alloy or high tensile steel, the transforma- 


Comm. Coarse Grain Open Hearth. 
Chemical Composition: 0.23 C, 0.39 Mn, 
0.16 Si, 0.037 S, 0.010 P, 0.04 Cr, 0.09 Ni, 
0.22 Cu, 0,002 Al 


tion in the heat-affected zone adjacent to 
the weld metal will occur at a lower tem- 
perature than that of the weld metal 
(1335° F. (725° C.) for the steel of Fig. 
23). In other words, the coarsened area 
of the heat-affected zone next to the 


fusion line remains in the austenitic 
state longer than the weld metal; this 
zone is an austenitic band bounded on 
both sides by structures with higher yield 
strengths. The expansion which occurs 
in this zone as it transforms plastically 
deforms the weld metal and the base 
metal contiguous to this zone. Further 
contraction will be accompanied by high 
stresses which added to the general stress 
pattern are often sufficient to produce 
micro- or macro-cracks in the heat-affected 
zone. It seems reasonable to assume 
that the cracking tendency may be re- 
duced by increasing the alloy content of 
the weld metal so that its transformational 
characteristics match those of the base 
metal in the heat-affected zone. 

(c) Hydrogen—The most complete 
analysis of the hydrogen theory on under- 
bead cracking as presented by Hoyt, 
Sims and Banta* follows: ‘‘During the 
welding operation with the usual weld 
rod, quantities of hydrogen are dissolved 
in the weld bead. This diffuses rapidly 
into the pagent metal, which is heated 
above the transformation temperature. 
Hydrogen is soluble in austenite at all 
temperatures but is practically insoluble 
in cold ferrite or martensite. When the 
heat-affected zone transforms, therefore, 
hydrogen is rejected from all areas except 
those that remain austenitic. In these 
areas of austenite, the hydrogen concen- 


Comm. Coarse Grain Open Hearth. 
Chemical Composition: 0.31 C, 0.68 Mn, 
0.19 Si, 0.037 S, 0.012 P, 0.06 Cr, 0.02 Ni, 
0.15 Cu, 0.000 Al 


Welding technique: 175 amp., 26 v., 6 in./min. 
Fig. 25—Microstructure Adjacent to Fusion Line of Bead Weld. 80x 
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trates to relatively high values. When 
they later transform at room temperature 
and hydrogen is rejected, with no place to 
go, enormous aerostatic pressures are set 
up, which disrupt the adjacent structure 
even though it be hardest martensite. The 
cracks thus formed are undoubtedly quite 
small, and the principal function of ther- 
mal stresses probably is to cause the cracks 
to grow to visible size. This growth has 
been observed frequently and was demon- 
strated in the course of the present in- 
vestigation. If this austenite is trans- 
formed at elevated temperatures, the 
hydrogen can diffuse sufficiently to pre- 
vent the maximum stress. This is a 
common experience with shatter cracks, 
which are never produced at temperatures 
above 400° F. (204°C.). 

“It follows, therefore, that the more 
hardenable steels are in general more 
crack sensitive because they tend .more 
to retain austenite. Likewise, with 
greater solution of the carbides, the likeli- 
hood of retained austenite is greater. 
The very nature of the arc-welding proc- 
ess, with its steep temperature gradients, 
is ideal to set up local stresses of high 
magnitude, though the magnitude will 
depend on the degree of restraint im- 
posed. While these stresses in themselves 
seem inadequate to cause cracking in the 
martensite, they are additive to the aero- 
static stresses of the rejected hydrogen 
and might logically be the straw that 
breaks the camel’s back. This is in line 
with the experience that sometimes 
cracks may form when welding is done 
under conditions of restraint but not when 
there is norestraint.”’ 
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Comm. Fine Grain Open Hearth. Chemi- 
cal Composition: 0.31 | 0 
0.031 S, 0.013 P, 0.05 
0.005 Al 


CO 


1946 387-s 


Section of Bead Weld Showing Vickers Hardness Survey 


Vickers and Knoop Hardness Indents on an Unetched Ground 

Surface. The Vickers indents are spaced at 0.020 in. (0.5 

mm.); the parallel Knoop indents, at 0.004 in. (0.1 mm.); the 
aligned Knoop indents, at 0.008 in. (0.2 mm.). 


Fig. 26—Vickers and Knocp Hardness Surveys 


(3) Weld Cracking and Further Cracking 
Tests 


The Lehigh restrained cracking speci- 
men!! was developed for comparing quan- 
titatively the degree of restraint at which 
cracking occurs in welds during cooling. 
The test has been shown to be reproducible 
and the specimen sensitive to changes in 
electrode type and brand, plate composi- 
tion and preheat temperature. The fin 
type specimen (Fig. 24) is capable of de- 
veloping sufficient restraint to crack even 
mild steel plate in 1/2 in. thicknesses and 
by means of varying the width (distance 
between the ends of the weakening slots 
and the cut in the bottom of the U- 
groove) in a series of specimens, the degree 
of restraint can be reduced continuously 
down to low levels. The width which 
exists at the thresheld of cracking is 
taken as the index of crack sensitivity. 
The threshold of cracking is defined as 
that width at which the weld is just 
cracked and below which the weld is 
sound. 

The only measurement undertaken in 
this test was the inward movement of the 
plate surrounding the weld groove arising 
from the weld metal contraction. When 
it was found that the contraction was 
fairly uniform and quite consistent along 
the full length of the weld, the contrac- 
tions were measured at the mid-length 
of the weld only, using Ames dial gages 
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mounted on pins on 
the top and bottom 
sides of the plate. The 
dial gages, in addition 
to providing the con- 
traction measure- 
ments, were found to 
provide almost as sen- 
sitive a method of 
crack detection as cross 
sectioning and micro- 
examination. Thus, 
the fin type restraint 
specimen provides a 
useful test to indicate 
that changes in elec- 
trode, steel composi- 
tion and preheat tem- 
perature result in sig- 
nificant, quantitative 
and predictable varia- 
tions in cracking ten- 
dency. One disadvan- 
tage of this test that 
might be pointed out is 
the need for a series of 
specimens in order to 
determine the thres- 
hold of cracking for a 
given plate material, 
welding electrode and 
preheat temperature. 

At the Naval Re- 
search Laboratory an 
experimental program 
is under way in which 
the restrained cracking 
test is being carried 
one step further in 
that varying degrees 
of restraint are being 
incorporated into a 
single specimen. This 
specimen (Fig. 24) con- 
sists of a plate 8 in. 
wide by 12 in. long having a slotted V- 
groove 8'/, in. long starting at one end of 
the plate and terminating in a 1 in. diam. 
hole. The test consists of welding a root 
pass in the groove starting at the outer 
end and welding to the center. The 
mechanism of the test may be described 
as follows: A force applied transversely 
to the groove at the outer end will close 
the slot considerably more than an equal 
force applied transversely to the groove 
at the restrained end. Consequently, 
when a weld is started at the outside 
edge, the contraction of the weld metal 
tends to draw the slot together. As the 
welding progresses, an increasing degree 
of restraint is imposed on the weld. The 
plate is sectioned perpendicular to the 
direction of welding and examined micro- 
scopically for cracks in the weld and in the 
heat-affected zone. The cracking starts 
at the center and progresses outwardly; 
the length of cracking is taken as the in- 
dex of restrained cracking sensitivity of 
the particular weld metal and base metal 
used in the test. 


(D) Indirect Tests for Evaluating 
Weldability 


Weldability tests which measure di- 
rectly the effect of welding on the duc- 
tility of the heat-affected zone have been 
briefly reviewed. The second group of 
tests are those that observe the change 
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in some property and assume a direct 
correlation between this change and the 
ductility of the welded member. 

While ductility may be evaluated py 
means of the tensile test or by some type 
of bend test, other and less direct methods 
have been employed. A hardness syr- 
vey may be made on a cross section of the 
weld with the assumption that there js 4 
correlation between hardness and duc 
tility. A microscopic examination ma: 
be made of structures resulting fr 
welding on the assumption that ductili 
can be predicted from a careful evaluati 
of these structures. The cleanliness a 
quality of a steel as regards inclusic 
and laminations are known to affect . 
mechanical behavior of steels. The r 
sults of physical tests and chemical co: 
position of the steel to be welded h- | 
also been suggested as indices of w | 
ability because of the dependence 
ductility upon these factors. The - 
of the thermal conditions and the 
allurgical effects at the rates of co 
in the welding heat-treatment cycle | 
been frequently suggested. These « 
together with the accepted views of 
allurgical changes, may be used to | 
dict the resulting ductility. Consid 
able attention has been given to 
possibility of the application of ha: 
ability data and isothermal (S-ci 
and continuous cooling transforma 
studies. In all cases an attempt has 
made to evaluate the change in duc! 
of structures resulting from the heat-t: 
ment of the steel by the welding th: 
cycle. 

It has been pointed out that the in: 
test observes the change in some pre 
and assumes a direct correlation be 
the change and the ductility of the \ 
member. However, it is now recog 
that no matter how good such a cor: 
tion may be, information in regard t« 
fracture transition behavior of ea 
of steel is essential. For example 
been observed that where two 
might be identical for all practic 


poses in performance at room te #7 


ture, one of the steels might beco: 
tirely brittle in its behavior at a so 

lower testing temperature or after h- 
been exposed to a welding thermal 
Unfortunately, the correlation between 
transition temperature and the properties 
under consideration in indirect te 

not known because of the large num! 
factors that are known to influenc: 
phenomenon, such as constraint, ra’ 
loading, temperature, deoxidation 

tice, welding technique, heat-treai 
and microstructure. No complete 
satisfactory explanation of the rel: 
effects of the single or combined varia.les 
has been presented to date. Fortune 
in a direct welding test for evalua 
weldability, the effect of the we 
thermal cycle on the fracture type ca 
actually observed. Although a cm 
tion may exist between the indirect 
and ductility at room temperature, 
present conception of weldability 
the transition temperature to be of 
importance and at present there has 
no correlation observed between tr. .\si- 
tion temperature and the change in some 
property utilized in the indirect test. 
Thus, it seems imperative that the phe- 
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= 
iano of final microstructure alone, the rate of 
26 C .58 MN = er NI cooling has little influence until the tem- 
perature reaches the level at which the 
\ austenite can begin to transform. 
E6OIO ELECTRODE 3/16 IN. DIAM. If the coarsest, most susceptible region 
- remains long enough within this upper 
transformation range, then all of the aus- 
\ tenite in the parent metal necessarily 
f\ transforms to a relatively tough, desirable 
oe] 7 microstructure of the pearlitic type; but 
if the rate of cooling is so fast that the 
360 time interval within this temperature 
mm n range is too short, the residual austenite 
ry aod then transforms, at a much lower tempera- 
ae | in > ture, to a brittle, undesirable, martensitic 
Ml. 2 } 4 TINE structure. The minimum time interval 
m 3 ele and the corresponding maximum permis- 
It e sible rate of cooling which insure absence 
» b of martensite depend upon the composition 
200 and grain size of the austenite” (Fig. 30). 
tet pe > The primary function of preheating and 
log postheating is to retard the cooling rate 
¥ of the austenite formed during welding. 
ke | 4 4 Transformation then will occur at a higher 
temperature with a resultant softer prod- 
MN 48 SI 3.37 uct of higher ductility. 
d | (2) Maximum Hardness 
I - a The hardness developed in the heat- 
Q | -\ affected zone contiguous to a weld de- 
> tion. Usually the hardness of a trans- 
verse section of the heat-affected zone is 
b oor explored by means of an instrument such 
od investigators have obtained considerable 
tilts data from this simple @ and it is 
1897 i [) 2 3 4 5 almost universally used in conjunction 
WELD PLATE with whatever other tests that may be 
DISTANCE FROM FUSION LINE - MM. performed. 
The use of the Vickers Hardness Tester 
"Relation of Vickers and Knoop Hardness Numbers Across Heat-Affected : . 
Zone of Standard Bead Weld has not permitted a closer spacing of in- 
* dents than approximately 0.020 in. (0.5 
low mm.). Since the heat-affected zone may 
‘Sn of fracture transition be kept well coarsest grain and fastest cooling that be only a matter of approximately 0.1 in. 
“id in analyzing the various indirect occurs at a certain point in the heat-af- (2.5 mm.) in width, it is impossible to 
‘evaluating weldability. fected zone ‘‘makes this location the most follow accurately the hardness changes 
a de susceptible to trouble of any region in with a Vickers indenter. The Knoop 
mo structure the parent metal. From the viewpoint method provides a more refined means of 
roscopic examination may be 
structures resulting from the 
thermal cycle on the assumption . 
‘tility can be predicted from a \ 
‘ ‘Waluation of these structures > 
In general, such an evaluation 600}—_\ 
for 22s covering a wide range of weld- e* \ RELATIONSHIP BETWEEN MAXIMUM HARDNESS 
ability is not difficult, but specific, quan- rr, AND BEND ANGLE 
‘ative interpretation of results for steels FOR VARIOUS TYPES OF 
arrow range of weldability is al- We aN HIGH TENSILE LOW ALLOY STRUCTURAL STEELS 
} “tpossible. However, a microscopic > 
4 


Ation of the cross section of a weld 
“tishes the following purposes: (1) 
es both the quality and structure 
weld. metal deposit and the met- 
“al structure of the heat-affected 


“1%. > © BROOKS @ WAGGONER * 


KNOOP HARONESS - MAXIMUM 


“Which enables the metallurgist to B ° 
te the cooling rate; (2) it provides > = 


“Mons and inclusions in the steel. 
“hservations furnish pertinent in- 
jon in any weldability study. 
as “ the use of the maximum hard- 

a microscopic examination 

made in conjunction with some 
,eldability test in examining steels 


8 

| 

| 


ovél?? \drrow range of weldability. V-NOTCHED SLOW BEND ANGLE 

In iffustration of the fundamentals in- 
volved in microscopic examination, Aborn! =e 
has pointed out that the combination of Fig. 28 
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studying the change in hardness in the 
structure of the heat-affected zone as in- 
dents may easily be made with a separa- 
tion of 0.004 in. (0.1 mm.) so that several 
hundred impressions may be made per 
inch. Consequently, within the past 
few years the Knoop method of micro- 
hardness has found favor for determining 
the maximum hardness in the heat-af- 
fected zone.*:* A comparison of Vickers 
(10 kg.) and Knoop (0.2 kg.) indents is 
shown in Fig. 26. The Vickers indents 
were spaced at 0.020 in. (0.5 mm.), the 
parallel Knoop indents at 0.004 in. (0.1 
mm.), and the aligned Knoop indents at 
0.008 in. (0.2 mm.). The large scatter 
(Fig. 27) in the Knoop hardness numbers 
may be readily understood when it is 
remembered that the indents are about 
0.004 in. (0.1 mm.) in length and each one 
is affected by the variation in microstruc- 
ture. Other types of micro-hardness test- 
ing equipment have been used in the evalu- 
ation of hardness in the heat-affected 
zone, such as the Eberbach instrument 
which employs loads down to 5 gm. 

The maximum hardness-method has 
always found wide use since a hardness 
survey required a minimum of initial 
specimen preparation and, similar to 
microscopic examination, the test im- 
poses no limitation on welding technique 


relation between maximum hardness and 
ductility (Fig. 28). 


(3) Heat-Treatment to Duplicate the Micro- 
structure of the Heat-A flected Zone 


A number of tests have been suggested 
in which special heat-treatment tech- 
niques are used in an attempt to produce 
specimens with microstructures similar 
to those observed in the heat-affected 
zone. Three of these methods have been 
chosen for comment. 

(a) Weld Quench.—The weld quench 
was described by Bruckner*® who attemp- 
ted to reproduce by a special heat-treat- 
ment of a half-width Charpy impact test 
specimen the maximum hardness, grain 
size and microstructure that are found 
adjacent to a single bead weld. A com- 
parison of the energy absorbed by speci- 
mens in the as-rolled and heat-treated 
conditions was taken as the index of 
weldability. 

Subsequent investigation at Naval 
Research Laboratory™ indicated little 
correlation between weld quench data 
and other weldability tests results. The 
narrow specimens broke erratically and 
it was difficult to secure values which were 


representative of the material. Probably 
the reason for this is that the initial qe. 
formation shifts the sectional mass of the 
specimens so that the area in which inj. 
tial fracture must occur is reduced 
These difficulties in mechanical testing 
affect the value of this method for evaly. 
ation of weldability. 

Harter, Hodge and Schoessow™ seq 
the weld quench test in conjunction with a 
series of actual weld tests in an attempt 
to obtain a measure of relative weldability 
of a series of carbon-manganese steels. 
The authors expressed the probable con- 
sensus in observing that ‘‘While the weld 
quench test also indicates relative sensj- 
tivity to welding temperature, it has the 
disadvantage of being an artificial test, 
dependent upon the synthesizing by 
heat-treatment of an impact test specimen 
the actual microstructure of the weld. 
affected zone. Wide variations in the 
hardness of many of the weld quench test 
specimens were found. The advantage 
of a test based on actual welding effects is 
apparent.” 

(b) High Frequency.—The thermal cycle 
of welding can be simulated by subjecting 
specimens of suitable geometry to high 


and thickness of material. Its success, 
however, depends entirely upon the as- = CSTEEL 286. 
sumption that there is a satisfactory cor- oni rec 
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Fig. 29—Relation Hardenability Data and Bead 
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frequency induction heating. Metallur- 
gical changes produced in specimens by 
conventional welding methods and high 
frequency procedure are reported to be 
identical in character but differ as regards 
the volume of the heat-affected zone. 
This similarity is to be expected. High 
frequency induction heating more nearly 
simulates the actual thermal cycle at- 
tending the welding process than any 
other heat-treatment method in that a 
rapid, highly localized intense heating is 
obtained. 

Experiments on induction heating were 
performed at the Engineering Experiment 
Station, Annapolis® not as a weldability 
test specifically but as a method for de- 
termining the amount of preheat and 
postheat necessary in order to make sat- 
jsfactory welds in hardenable steels. 
The test also was conceived to serve in 
grading steels according to the require- 
ments for preheat in welding. 

Bend specimens were prepared meas- 
uring 8 in. long, 1'/: in. wide and */s in. 
thick. The center portion of the speci- 
men was rapidly heated by high frequency 
to 2150° F. (1176° C.) followed by cool- 
ing between companion pieces which were 
at room temperature. A notch 0.025 
in. deep with a radius of */, in. was milled 
transversely in the center of the heated 
zone on the side of the specimen corre- 
sponding to the original plate surface of 
the material. After the simulated weld- 
ing cycle and subsequent notching, the 
specimen was bent to failure in a jig with 
the notch in tension using a */, in. radius 
plunger. If the specimen was bent to the 
capacity of the jig withou. failure, an- 
other specimen similarly treated was bent 
in another jig with a 1'/s in. tadius 
plunger. If the specimen still hent to 
jig capacity another specimen was tested 
in a jig which had a plunger with a radius 
of 1'/, in. It is to be noted that the 
plunger radii are 2, 3 and 4 times the 
thickness of the original test samples and 
were referred to as 2T, 3T and 4T, re- 
spectively. For purposes of comparison 
unheated control specimens were similarly 
bent in the jigs. The control specimen 
was bent first through the 2T jig. If it 
was bent to capacity of the jig without 
failure, the induction heated specimen 
was then tested in the same jig. If it 
also bent without failure it was assumed 
that the material could be welded with- 
out preheating and/or postheating. Speci- 
mens representing the steels which failed 
in the 2T jig but passed the 3T jig were 
preheated in increments of 50° F. (28° C.) 
to successive temperatures with 250° F. 
(121° C.) as a minimum. Testing was 
continued until a specimen deformed to 
the capacity of the 2T jig without failure. 
Steels which failed under the largest 
radius plunger employed, namely 4T, 
were given pre- and postheat-treatments 
in accordance with indications of their 
dilatometric or transformational behavior. 

The test method indicates the effect of 
heating on a steel but does not show the 
effect of dilution, alloys, etc., which might 
be traced to electrodes. The process, 
however, has one great advantage; 


namely, it will provide a fairly simple 
method for determining the amount of 
preheat and postheat necessary to weld a 
steel. 


Up to the present time no other 
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simple experimental procedure for de- 
termining preheat and postheat has been 
proposed. 

(c) End-Quench Hardenability.—The re- 
lationship of hardenability and weld- 
ability has been considered by a number 
of investigators‘: © and it has been 
found that the weldability of a steel in 
general decreases as the hardenability 
increases. However, the methods used 
for evaluating hardenability are not en- 
tirely quantitative and the procedure 
used for the usual “‘heat-treatment hard- 
enability”’ is not strictly adaptable to 
“‘weld hardenability’’ studies. In addi- 
tion, it has been noted that although the 
maximuny hardness in the heat-affected 
zone increases with the hardenability™ 
for a given carbon level, when comparing 
steels of varying carbon contents, the 
relationship is not so simple. The effect 
of changes in carbon content seems to be 
dependent upon the maximum attainable 
quench hardness. A comparison of hard- 
enability as measured by the Jominy end- 
quench-test® and bead weld maximum 
hardness was made at the Naval Research 
Laboratory*! and the results of these tests 
are shown in Fig. 29. It was further 
noted that the use of hardenability cal- 
culated from chemical composition gives 
results that show somewhat greater 
scatter than those obtained by actual 
measurement using the end-quench hard- 
enability bar. Differences in steel manu- 
facturing procedures are such that steels 
of a given hardness do not necessarily 
have the same ductility and, because of 
this, hardenability studies in order to 
be complete must necessarily be accom- 
panied by some direct measure of the 
hardness-ductility relationship. 

A report on the weldability studies of 
Doan, Stout, Frye and Tér™” of Lehigh 
University based on a concept suggested 
by Kinzel*’ provides an illustration of the 
application of the end-quench harden- 
ability test in the field of welding. The 
basic ideas presented in the tentative 
system for preserving ductility in weld- 
ments may be summarized as follows: 
(1) When a steel is welded, a definite 
maximum hardness is obtained which 
is dependent upon the cooling rate im- 
posed by the welding operation; (2) 
equivalent hardnesses in the heat-affected 
zone and in the Jominy end-quench test 
bar may be taken to indicate equal cooling 
rates; and (3) each position on the Jominy 
bar represents a definite cooling rate and, 
consequently, corresponds to a certain 
combination of welding conditions. 
Therefore, equivalent hardnesses may be 
substituted for cooling rates and the 
hardness may be expressed in terms of 
Jominy distance. A notched bend speci- 
men was used to establish the ductility- 
hardness relationship since it was felt 
that ductility should be made the cri- 
terion for the hardened zone instead of 
hardness alone. Thus, the necessity of a 
direct welding test was avoided in the 
system through the use of the Jominy 
end-quench test and a synthetic quenched, 
notched bend specimen. 

The Lehigh investigators in a discussion 
of their results pointed out that in evalu- 
ating the hardening response of a given 
steel to the weld thermal cycle by means 
of the Jominy -end-quench test, ‘‘The 
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absolute necessity for reliable Jominy 
tests cannot be emphasized too greatly. 
Duplicate or triplicate specimens are es- 
sential.”’ Jackson, Luther and Fritz*! 
in investigating the weldability of a 
series of silicon-manganese steels analyzed 
their data in accordance with the concept 
that each combination of welding con- 
ditions corresponds to a position on the 
end-quench hardenability bar. From the 
data presented by the Lehigh investiga- 
tors, a welding technique of 175 amp., 26 
v. and 6 in. per minute corresponds to a 
Jominy distance of 0.34 in. from the 
quenched end. The maximum hardness 
of the heat-affected zone of bead welds in 
steels investigated at the Naval Research 
Laboratory using the above welding tech- 
nique were compared with the end-quench 
test bar hardness at 0.34-in. distance. A 
definite trend was observed although the 
accuracy was such that the method can 
only be used for a qualitative indication. 
Thus, it is necessary to analyze the end- 
quench hardenability test further in 
order to determine all the factors involved 
which affect the hardness at any given 
distance along the bar. 

There has been a constant attempt to 
simplify the metallurgy of welding even 
to an extent beyond that possible in or- 
dinary heat-treatment practice. The 
metallurgy of welding in its simplest case, 
that of a bead weld on a plate, is compli- 
cated by a number of factors, such as 
high temperature, grain growth, drastic 
changes in the thermal cycle, diffusion 
and stress. Naval Research Laboratory 
investigations have indicated that, for 
a complete analysis, in addition to the 
grain size for the end-quench bar, it is 
necessary as well to have the grain size 
of the heat-affected zone of an actual 
weld. Very few data are available at 
this time on the effect of welding tech- 
nique on grain growth in the heat-affected 
zone. There is evidence that higher 
energy input in the welding cycle increases 
the grain size sufficiently in some steels 
to affect the hardenability to such an ex- 
tent that a greater maximum hardness 
results in spite of increased welding cur- 
rents. Further simplication of such data 
by use of charts or other means is highly 
desirable and will only be possible when a 
more complete analysis of the metallurgy 
of welding is available. 


(4) Cooling Curves 


A number of investigators’: 
have been interested in the use of the 
temperature relationships in the heat-af- 
fected zone and their metallurgical effects 
as a means for evaluating weldability. 
Aborn! has pointed out that the proper- 
ties of the heat-affected zone are the re- 
sult of structural changes which are de- 
termined at any point by the maximum 
temperature, the length of time at that 
temperature and, more particularly, by 
the subsequent rate of cooling at that 
point; for this rate, if too great, will pro- 
duce a zone of undesirable structure. 
Such a limiting cooling rate can be esti- 
mated from the isothermal transformation 
diagram (S-curve) of the particular heat of 
steel and specified exactly if the transfor- 
mational behavior during continuous cool- 
ing is known (Fig. 30). Hodell** and 
Bruce® developed formulas which were 
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used to predict and control temperatures 
in the welding of oil well casing. An ex- 
perimental program was carried out to 
measure the actual temperatures of cool- 
ing welds in the casing and a close agree- 
ment was found between the analytical 
and experimental cooling curves. Hess, 
Merrill, Nippes and Bunk”: * undertook 
the measurement of actual cooling rates 
in the heat-affected zone of single-V 
groove welds. These data were used to 
modify fundamental mathematical solu- 
tions and tables were prepared showing the 
energy in joules per inch required to pro- 
duce any desired cooling rate at any selec- 
ted temperature level for plate tempera- 
tures ranging from 37° F. (3° C.) to 400° 
F. (204° C.) and for plate thicknesses of 
1 and in. 

(5) Dilatometric Studies 

The entire metallurgical behavior of the 
steel adjacent to an arc weld is a function 
of time-temperature relations above the 
critical temperature and also of the cooling 
rates through important subcritical tem- 
perature ranges. These latter conditions 
are most important and most subject to 
control in arc welding. One of the most 
useful forms in which the metallurgical be- 
havior of a steel may be expressed is by 
means of an isothermal transformation dia- 
gram. Aborn,! Hess,” Hoyt** and Pu- 
gacz™ are some of the investigators who 
have emphasized the importance of iso- 
thermal transformation relationship to 
the problems of welding. Since the iso- 
thermal transformation diagrams (S- 
curves) present transformation-time rela- 
tionships for a specific cooling condition 
and as the time for transformation is short 
in the case of mild steel, the S-curve has 
little significance in the problems of weld- 


ing low alloy steel. However, transforma- 
tion data are useful in the welding of 
medium and higher alloyed steels. A con- 
tinuous cooling transformation diagram 
covering a wide range of cooling conditions, 
if available, would be more applicable to 
welding studies. Given the continuous 
cooling transformation diagram of the 
steel to be welded, it is necessary for a 
quantitative prediction of the metallurgi- 
cal behavior to consider jointly the trans- 
formation diagram and the cooling curves 
resulting from the welding cycle imposed 
on the steel. 

The development of such transformation 
diagrams presents many experimental dif- 
ficulties although a start on this problem 
has been reported.? Continuous cooling 
transformation data are obtained with a 
high speed dilatometer. The equipment 
(Fig. 31) is suitable for investigating the 
transformational behavior of a steel over 
a wide range of cooling rates. It is felt 
that the dilatometric method will be of fur- 
ther advantage in that field of welding 
where the actual dilation characteristics 
may be important in the study of trans- 
formational stresses and their effect on 
cracking tendencies. 

Data have been reported by Christen- 
son, Nelson and Jackson’ on the trans- 
formational behavior of six steels in cool- 
ing. Included were transformation dia- 
grams for two samples of manganese- 
titanium high tensile steel whose weld- 
ability was being studied. It may be seen 
from these diagrams (Fig. 32) that steel 
384 has a higher critical cooling rate than 
that of steel 386; i.e., the nose of the upper 
transformation curves of steel 384 indi- 
cates that less time is required for the start 
of the transformation than in the case of 
steel 386. The higher critical cooling rate 
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is reflected in many of the other test meth. 
ods for evaluating weldability. Although 
the two steels are almost identical jy 
chemical composition, the steel having the 
lower critical cooling rate, as indicated by 
the continuous cooling transformation dia. 
grams, showed less ductility, higher mayj. 
mum Vickers hardness in the heat-affected 
zone and greater end-quench hardenabjj- 
ity. Thus, the critical cooling rate as ob. 
tained from the continuous cooling trans- 
formation diagram provides a possible 
index of weldability. Information regard. 
ing the transformational characteristics of 
additional steels of this type would be 
highly desirable for the evaluation of the 
effect of minor constituents and differences 
in metallurgical structure on weldability. 


(E) A Tentative System for Preserving 
Ductility in Weldments 


The investigation conducted by Doan, 
Stout, Frye and Tér™ provides an illustra- 
tion of a systematic approach to the evalu- 
ation of the weldability of a steel. The 
basic ideas presented in the system were 
summarized previously. Tlie system re- 
quires that a set of bend specimens cut 
from the material in question be subjected 
to different rates cf cooling from 2100° F. 
(1150° C.) (a temperature selected to ob- 
tain the coarsened grain found in the heat- 
affected zone of a weld) by quenching in 
different media and thus producing in each 
specimen a different hardness. The hard- 
ness is noted that corresponds to a desired 
minimum of notched bend. Then the 
Jominy distance corresponding to that 
hardness is taken to enter the tables set 
up by the system. To obtain data for 
these tables, hundreds of plates were 
welded using different currents, speeds of 
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Fig. 32—Continuous Cooling Transformation Diagrams 
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travel and initial plate temperatures. For 
each combination of welding conditions, 
the maximum hardness in the heat- 
affected zone was noted. Then these data 
were incorporated into a chart relating 
energy input (volts X amperes for each 
of the various welding speeds) to the Jom- 
iny distance at which the same cooling 
rate and, consequently, the same hardness 
will exist as in the welded specimen. Thus, 
by determining the Jominy distance cor- 
responding to the hardness contained in a 
synthetic quenched, notched bend speci- 
men that develops the minimum ductility 
required for the service intended, one may 
enter the tables to determine the minimum 
energy input required to obtain the duc- 
tility desired. 

The welding conditions are made univer- 
sal with respect to joint geometry and 
plate thickness by virtue of having been 
modified by Stout’s geometry factor. 
This geometry concept was evolved in 
the following manner. It was considered 
obvious that greater plate thicknesses 
give rise to higher cooling rates because 
of the greater mass of metal which is 
available to conduct heat away from 
the weld area. In view of this fact it was 
thought that there might be an “‘effective 
radius” from the center point of the weld 
beyond which metal cannot be of any signi- 
ficant help in carrying away heat, at least 
in the period of time in which the heated 
zone is cooling through the transformation 
range. A radius of 3 in. was found to be 
the maximum effective distance of the 
metal participating in the conduction of 
heat away from the weld. If energy in- 
put divided by the 3 in. radius aréa indi- 
cated by the geometry factor is plotted 
against cooling rate, a common curve is 
obtained for different joint geometries and 
plate thicknesses including combinations 
of unlike thickness of plate. 

The important contribution of the work 
reported by the Lehigh investigators is 
that for the first time an over-all system 
was suggested for evaluating the weldabil- 
ity of a steel. However, since the entire 
system was dependent on an accurate 
Jominy end-quench hardenability curve 
for each heat of steel to be investigated 
and since the Jominy test itself is open to 
a number of theoretical objections, an 
alternate method was proposed which 
eliminated the use of the Jominy specimen 
and substituted for it a direct welding test 
in the form of simple bead-on-plate welds.” 
The proposed test method was as follows: 
A number of plates of the heat of steel in 
question were prepared. A bead weld was 
deposited on each plate with each bead de- 
posited at a different energy input. Such 
a series of energy inputs subjected the heat- 
affected zone of each bead to different 
cooling rates. If the plates were cross- 
sectioned, the maximum hardness accom- 
panying each set of cooling rates could be 
measured. It was then proposed to deter- 
mine as before the bend angle accompany- 
ing each hardness level by quenching a set 
of notched, slow bend specimens at various 
rates of cooling to cover the full hardness 
range. When these specimens were bent, 
the hardness corresponding to the selected 
bend angle was noted. Thus, cooling rate 
was related to bend angle by relating both 
of these factors to hardness. Finally, the 
energy input-bend angle relationship was 
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corrected by applying to the test plates 
the geometry factor corresponding to the 
actual weld to be made. Thus, the energy 
input for preserving the desired bend 
angle in the joint to be welded was deter- 
mined and an alternate method was estab- 
lished for testing the welding response of 
a given heat of steel by substituting for the 
indirect method of the Jominy test, a 
simple, direct method of employing bead- 
on-plate welds. 

With the presentation of the fundamen- 
tal concepts of the Lehigh system of com- 
puting the relative weldability of a steel, 
the possibility of further simplification be- 
came apparent and resulted in the follow- 
ing program on carbon-manganese steels 
at Battelle Memorial Institute. The weld- 
ability test as proposed by C. H. Jennings, 
Chairman of the Battelle Program Sub- 
Committee, consisted essentially of de- 
positing bead-on-plates at various energy 
inputs and making notched, slow bend test 
specimens from these plates using the type 
of bend specimen developed at the Naval 
Research Laboratory** (the Bead Weld, 
Nick Bend Specimen). From the energy 
input-angle of bend relationship obtained, 
the joules per inch required to produce a 
desired bend angle can be determined. 
Having noted the joules per inch required, 
the volt ampere factor can be obtained 
from a table of volt ampere factors based on 
joules per inch, welding speed and preheat 
temperature. Joint geometry and plate 
thickness are taken into account by a table 
of geometry factors similar to those pre- 
sented in the original Lehigh report. 


SUMMARY AND CONCLUSIONS 


Ductility of the heat-affected zone still 
seems to be the most important single fac- 
tor in the evaluation of the weldability of a 


steel. In order to determine the effect of 
welding on ductility, it is desirable for pur- 
poses of comparison to have some method 
of evaluating the ductility of both the un- 
affected base metal, and the weld and 
associated heat-affected zone. An investi- 
gator testing for weldability must chose a 
specimen or specimens that are representa- 
tive of the performance of the structure in- 
tended. Consideration must be taken of 
the thickness of material, the rate of load- 
ing, the degree of constraint and the mini- 
mum service temperature anticipated for 
the structure. In addition, the same weld- 
ing process and general technique should 
be used in preparing weldability test 
specimens as would be used in fabricating 
the structure. 

Testing for weldability may be resolved 
into three major categories: (1) selecting 
and rating weldabje material, (2) deter- 
mining the optimum methods and tech- 
niques for welding a given material and (3) 
observing in both the unwelded and the 
weld heat-affected condition the tempera- 
ture for a specific rate of loading and 
degree of constraint at which specimens 
from each heat of steel change from 
ductile to cleavage type of fracture. In 
the past, fabricators who have observed 
service failures in welded structures have 
felt their weldability tests inadequate or 
questioned the relation of the small scale 
laboratory test to the performance of the 
full scale structure. It would appear now 
that had transition temperature been taken 
into consideration a correlation between 
laboratory tests and large scale perform- 
ance would have obtained. In properly 
chosen small-scale tests it is not difficult 
to demonstrate the change from ductile to 
cleavage type of failure as the testing 
temperature is decreased. However, such 
an analysis of large scale tests is not com- 
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Fig. 33—Grain Size Study of Heat-Affected Zone. 
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plete. The quantitative relationship 
between small scale laboratory tests and 
the performance of full scale structures 
can only be established by the systematic 
laboratory investigation of small scale 
specimens run concurrently with tests on 
large scale members that actually repre- 
sent elements of a full scale structure. 
Similar tests might be performed on actual 
failures as “‘post mortem” studies of the 
behavior of the casualty structure. 

It is likely that no single test will satisfy 
all three major considerations of weld- 
ability testing; in general, a combination 
of tests is necessary. Systems that are 
forthcoming for evaluating weldability 
must take this latter precaution into ac- 
count, as well as the fact that a simple rela- 
tionship of energy input to ductility may 
not exist for the complete range of welding 
power inputs, speeds of travel and different 
thicknesses of plate. 

It would seem that one of the biggest 
problems which confronts the investigator 
at the present time in the field of weldabil- 
ity testing is the determination of funda- 
mental information relative to the mecha- 
nism of the phenomenon of transition 
temperature and the methods which will 
be applicable to the control of transition 
from ductile to cleavage behavior. 


APPENDIX 


(A) Definitions of Weldability 


-It is generally accepted as axiomatic 
,that all steels are weldable.5* Therefore, 
_any definition of weldability is meaning- 
.less unless it incorporates the idea of de- 
gree of weldability. The problem is to 
formulate one or more definitions so that 
there will be no ambiguity as to what is 
meant by degree of weldability. 

The degree of weldability should incor- 
, porate the ease or facility with which a de- 
sired weld can be obtained. For example, 
_it is often considered that a perfect weld 
is one in which two pieces of steel are 
joined by fusion into a continuous member 
which is equal in every respect to a similar 
piece of steel containing no welds. How- 
ever, even though this were achieved with 
several steels they still might not all be 
considered as equally weldable since it 
might be more difficult to achieve the per- 
fect joint with one steel than with another. 


On the other hand, the ease of welding all 


steels might be considered to be the same 
provided that the method and technique 
of welding are adequate for fabricating a 
structure that is satisfactory for the pur- 
pose intended. 

In an actual definition of weldability 
one is confronted with the inadequacy of 
a single definition to describe the term 
satisfactorily for the several viewpoints 
which are encountered. Seferian and 
Leroy“ in their discussion of weldability 
divide the field into three parts, namely: 

(a) ‘‘Constructional weldability, which 
depends on base metal, filler metal, opera- 
tor’s skill, and rigidity and mass of the 


construction. Tests for constructional 


weldability involve shrinkage stresses, 
such as the rigid-clamp (tee bend) and 
bead-bend tests. 

(b) ‘‘Operative weldability, which de- 
pends on base metal, filler nietal and opera- 


.tor’s skill. Tests invglye the heat- 
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affected zone, all-weld metal and base 
metal. 

(c) ‘Metallurgical weldability, which 
depends on the intrinsic properties of base 
metal, and is not affected appreciably by 
the quality of the filler metal or by the 
operator’s skill. Tests for metallurgical 
weldability include the usual tension, 
bend, shear and hardness tests for 
welds... .” 

It has been felt for some time by 
American investigators that any complete 
definition of weldability must be related 
to performance or service requirements. 
A definition was offered by Naval Research 
Laboratory in 1940% which reads as fol- 
lows: ‘‘Weldability of steel may be defined 
as that property which permits a localized 
consolidation of metals by a_ welding 
process and which results in continuous 
bonding without any undesirable change 
in the physical properties of the material 
adjacent to the weld.’’ Numerous other 
definitions have been suggested from time 
totime. Herres” has suggested the follow- 
ing definition: ‘‘Weldability is the capac- 
ity of a steel to be fabricated by a pre- 
scribed welding procedure without detri- 
ment to its service properties.” 

Reeve**® presents the British viewpoint 
in the following provisional definition: 
‘‘Weldability is a combined property of 
base metal and filler metal or electrode, 
the measure co! which is the capacity to 
produce crack-free and mechanically satis- 
factory welded joints, by as many as pos- 
sible of the known welding processes.” 
Reeve continues by way of explanation 
that: ‘‘This definition covers the base 
metal, the filler metal and welding process. 
If a metal can be welded by most of the 
known welding processes, using a wide 
variety of filler metals or electrodes, its 
weldability is good. If, on the other hand, 
it can only be welded by specialized weld- 
ing processes or techniques or by a few spe- 
cial electrodes, it is less easily weldable. 
If it cannot be welded at all by any known 
process or electrode, its weldability is zero. 

‘*There are very few, if any, metals in 
the last class. Among ferrous metals I can 
think only of chilled white iron, and of the 
so-called ‘steel-base’ alloy cast irons con- 
taining networks of massive free cementite, 
as approaching the class of zero weldabil- 
ity; though even these can be induced to 
make a joint of sorts with low-melting non- 
ferrous filler metals. 

“This definition is written essentially 
from the engineer’s point of view. It 
throws the emphasis upon the soundness of 
the welded joint as a criterion of weld- 
ability. Other definitions of the term are 
possible, which are worded essentially from 
the metallurgists’ standpoint, and which 
emphasize the concept of ‘hardenability’ 
as a measure of ‘weldability.’ In fact, in 
certain quarters it is claimed that the 
terms are practically interchangeable.” 

Reeve, in dealing with the factors con- 
trolling the weldability of steel, states that 
weldability ‘‘. . . must take into account 
the metallurgical factors, of which ‘harden- 
ability’ is undoubtedly the most impor- 
tant. Nevertheless, those investigators 
who claim that hardenability is the only 
factor which need be considered in deter- 
mining weldability are over-emphasizing its 
importance and are ignoring the important 
part played by the electrode or other filler 
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metal, and by the welding process. For 
this reason he (Reeve) prefers the angle of 
approach indicated in his provisional defj- 
nition of the term ‘weldability’ given 
above.” Reeve presents a wider viewpoint 
of weldability than that of many contem- 
porary Americans® in that he emphasizes 
that weldability is a combination or aggre- 
gate of properties. American definitions, 
more specifically, are related to perform- 
ance, with the effect of welding and testing 
conditions on the performance being sali- 
ent considerations. 

A complete definition of any term is dif- 
ficult; for example, cast iron or steel is stil] 
almost impossible to define. There are 
books written to describe steel and usually 
the authors modestly admit that the dis- 
cussion is incomplete. In the Welding 
Handbook twenty-two pages have been de- 
voted to the weldability of steel and yet 
no definition is offered. For the purpose 
of this summary, however, it is felt that 
there should be some statement that can 
be pointed to as a definition of weldability 
which in a broad sense will concur with the 
general thinking of the subject. It will 
then be simpler to cope with the equally 
complicated and more pertinent problem 
of evaluating weldability. 

With full recognition of the difficulties 
involved in defining weldability, the follow- 
ing definitions are suggested: 

(a) For the purpose of procurement: 
Weldability is defined as that combination 
of properties which control the suitability 
of a metal to be joined by fusion under 
specified conditions to form a continuous 
member.5* 

(b) For constructional purposes: Weld- 
ability is defined as that combination of 
properties which control the practicability 
of joining a metal by fusion under a set of 
imposed conditions to form a joint having 
properties adequate for the purpose in- 
tended.5* 

(c) From metallurgical considerations: 
Weldability is defined as that combination 
of properties which control the facility with 
which a metal may be fabricated by weld- 
ing under a set of prescribed conditions 
without undue detrimental effects on the 
physical properties of that metal. 


(B) The Bead Weld 


The bead weld has had extensive use in 
testing for weldability and has been par- 
ticularly suitable as it lends itself to defi- 
nite standardization in that it reduces the 
number of variables to a minimum. At 
the same time metallurgical changes in the 
base metal which accompany the deposi- 
tion of a single bead weld are, in general, 
more drastic than those obtained with 
multiple pass operation. A thorough 
knowledge of the relationships of the 
metallurgical and physical conditions of 
the bead weld is essential in order to 
understand the effects of the welding 
process. 

Figure 22, which indicates the relation- 
ship of the thermal conditions, structures 
and hardness resulting from a bead weld 
on a mild carbon steel, shows that there 
exists across the heat-affected zone a wide 
range of heat-treated structures. 

In order that the nomenclature will be 
understood throughout, the following 
comments are made regarding a cross sec- 
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tion taken transverse to a bead weld. The 
bead weld cross section is divided into 
three areas: the plate material or parent 
metal, the heat-affected zone and the weld 
metal. The term plate material refers to 
the metal that remains unaffected by the 
weld thermal cycle. ‘The heat-affected 
zone is that area of the plate material 
which has been heated by the welding 
process to temperatures sufficiently high 
to change the original microstructure and 
properties of the material. The weld 
metal is that area which has been molten 
and consists of electrode material which 
has been deposited and plate material 
which has been melted during the welding 
process. The term “penetration,” when 
used alone, refers to the distance below the 
original surface of the plate material that 
has been molten. The boundary between 
the weld metal and the original plate ma- 
terial is referred to as the fusion line. 

The curve which appears in the insert of 
Fig. 22 showing the relation of maximum 
temperature to distance from the fusion 
line in the heat-affected zone is not con- 
tinuous, a change in slope taking place be- 
tween 1425° F. and 1670° F. (774° C. and 
910° C.) indicating the A; transformation. 
The change in slope is the result of the 
change in specific heat as the steel trans- 
formed from the austenitic to the ferritic 
phase. 

Any welding procedure will necessarily 
produce conditions comparable to both 
good and bad heat-treating practice. At 
the fusion line the metal has been heated 
to the melting point and rapidly cooled 
through the austenitic range by the sur- 
rounding mass of metal. The final struc- 
ture will be dependent upon the composi- 
tion of the steel and the rate of cooling. 
The very coarse structure just below the 
fusion line is a condition typical of over- 
heated steel. The degree of grain growth 
associated with welding is the result of the 
steel having been heated well in excess of 
the A; temperature. 

In the area which has reached a maxi- 
mum temperature below the A; tempera- 
ture and above the A; temperature, austen- 
ite begins to form, which in turn is trans- 
formed during the cooling cycle. For tem- 
peratures just below the A; transformation 
the carbide rich areas tend to coalesce into 
spheroidal particles. Transformations and 
attending metallurgical changes require a 
definite amount of time but are hastened 
by increased temperatures. Lower carbon 
and lower alloy contents will tend to per- 
mit the changes to take place in shorter 
intervals of time. The effect of higher car- 
bon and alloy contents is to increase the 
sluggishness of transformations and to de- 
crease the critical rate of cooling. 

In a study of the grain size which results 
in the coarsened area of the heat-affected 
zone (Fig. 33), considerable variation will 
be found in the behavior of various mate- 
rial. The grain coarsening will depend upon 
the temperature and length of time at 
temperature, which in turn depends upon 
the thickness of material and welding tech- 
nique employed. The presence of grain 
refining additions such as vanadium and 
titanium will, in general, restrain the 
grain growth in the coarsened area. It is 
possible that with greater energy inputs 
higher temperatures are attained, which in 
turn promote coarsening of the grain and 
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result in higher hardness in some ma- 
terials.*4 To complicate matters, the 
grain size under the bead varies from one 
location to another and, at the same time, 
variations in grain size will be found to 
influence the mechanical properties of the 
heat-affected zone. Some attention has 
been given to the differences in the width 
of the heat-affected zone; a narrow, hard 
zone cushioned by softer zones should not 
be as critical as a wider zone of high hard- 
ness. The ductility of the heat-affected 
zone will generally show improvement as 
the hardness gradient becomes more grad- 
ual. The heat-affected zone may act as 
a notch and the severity of this condition 
will be regulated by the hardness gradient 
in that zone. Consideration of the transi- 
tion temperature behavior of a steel hav- 
ing a bead or fillet weld then becomes im- 
portant since the transition from ductile 
to cleavage type fracture is dependent 
upon the degree of stress concentration. 
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The Water-Gas Reaction Applied to 
Welding-Arc Atmospheres 


By Manley W. Mallett! 


Introduction 


OR many years it has been recognized that the 
are atmosphere affects the operating characteristics 


of the metal-arc-welding electrode and the me- 
chanical properties of the deposited metal. This has 
been investigated by Doan,’ who, in collaboration with 
various other investigators, has studied the effects of 
helium, argon, nitrogen, hydrogen, carbon monoxide, 
amr onia, illuminating gas and mixtures of these gases. 
Since, in most cases, the are welding of steels entails the 
use of coated electrodes, the compositions and character- 
istics of the atmospheres generated from such coatings 
should likewise be of interest. It is an object of the 
present paper to discuss this phase of welding. 

The effectiveness with which the gases from electrode 
coatings exclude air from the arc was demonstrated by 
Reeve.? For this he used the fractional vacuum-fusion 
method of analysis, which he had developed, and showed 
that welds made with bare-wire electrodes contained 
large amounts of FeO and nitrogen, while deposits from 
heavily coated electrodes contained almost no FeO and 
but rather small amounts of nitrogen. Hoyt’ found, by 
metallographic examination, that FeO inclusions are 
present in bare-wire welds, while those of the clear sili- 
cate type, free from FeO, are produced with cellulosic- 
coated electrodes. Thus, the effectiveness with which air 
is excluded is clearly demonstrated. However, by sub- 
stituting for air the atmosphere generated from an elec- 
trode coating, a new problem is created, i.e., the deter- 
mination of the effects of the constituents of the evolved 
gas on the constitution and properties of the arc-deposited 
metal. 

The only data in the literature on the complete analysis 
of gases produced from a coated electrode appear to be 
those of Larson.‘ Welding with a cellulose-type elec- 
trode in a closed chamber filled with nitrogen, the evolved 
gases were collected and analyzed (see Table 1). Larson 
states that the FeO content of coated-electrode (cellu- 
losic) welds is lower than that of bare-wire welds because 
93% of the total gas was CO and H:, both of which are 
highly reducing. 


* This paper is based, in part, on work done for the Office of Scientific Re- 


caee and Development under Contract OEMsr-1270 with Battelle Memorial 
nstitute. 
+ Research Engineer, Battelle Memorial Institute, Columbus, Ohio. 


More recently, the attention of researchers in this field 
has been given largely to the available hydrogen in the 
electrode coating and its effect upon the hydrogen content 
of welds. Little or no attention has been given to the 
other constituents of the gaseous arc shield. Zapffe and 
Sims‘ have shown the relationship of hydrogen to various 
defects in weld metal, such as ‘‘fisheyes’’ and cracking or 
fissuring. Their theory,* that such defects are caused by 
the building up of large pressures in tiny voids by occlu- 
sion of hydrogen, is now quite widely accepted. 

Herres’ has discussed the important part played by 
hydrogen in causing underbead cracking. This idea has 
been further expanded to show that hydrogen rejected 
during formation of martensite at room temperature 
furnishes the necessary local stress to start cracking. 
This was presumably assumed by Rollason,* while Hoyt, 
Sims and Banta® have independently formulated this 
theory of the “trigger action’ of hydrogen in initiating. 
underbead cracking and have pointed out the indis- 
pensable role of retained austenite. 

Hopkin” also showed the connection between hydro- 
gen and the cracking of alloy steels on welding. It is evi- 
dent that hydrogen plays a very important role in deter- 
mining the quality of arc welds, and so, any suggestions 
for determining or predicting the amount of hydrogen 
introduced in welds by various electrodes are indeed in 
order. 

In December 1943, a restricted research investigation, 
NDRC Research Project NRC-76, OEMsr-1270, ‘De- 
velopment of Improved Electrode Coatings,” was set up 
by the National Defense Research Committee under the 
supervision of the War Metallurgy Committee of the 
National Academy of Sciences—National Research 
Council. The research was carried out at Battelle 
Memorial Institute and began with a study of the 
atmospheres generated from various types of electrode 
coatings as a factor in causing underbead cracking of 
welds in armor plate. During the course of this in- 
vestigation, the author and Perry J. Rieppel* obtained a 
great deal of data on the quantity and composition of 
gases produced during arc welding with many makes and 
types of coated electrodes. These data also showed the 
role of hydrogen in underbead cracking. Details of the 
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techniques used and the results obtained are now being 
prepared for future publication. 

During re-examination of a portion of these data, a 
new and quite interesting interpretation was found. 
This involved consideration of the gases evolved from 
electrode coatings in terms of the water-gas reaction and 
the calculation of the probable maximum hydrogen con- 
tent of the molten weld pool from the partial pressure of 
hydrogen in the are atmosphere. 


The Water-Gas Reaction and Arc Atmospheres 


The gases formed during welding with coated elec- 
trodes are the four components of the water-gas reaction: 


CO + H,O s CO, + 


Because this reaction is reversible, it is apparent that, 
if one started with an atmosphere of dry CO, and Hp, a 
certain amount of CO and H,O would be formed. Like- 
wise, if water vapor is brought in contact with a source 
of carbon, such as steel, the other three components of 
the equation are produced. If a given lot of these gases 
is held sufficiently long at one elevated temperature an 
equilibrium will be reached in which the partial pressures 
(percentages) of the various gases will remain constant. 
Then, arranging the percentages according to the equa- 
tion: 


Pu x Poo: 


Kw = Pu X Poo 

the mass action constant Kw is obtained. The value 
Kw is always the same for the same temperature. For 
other temperatures, its value is different. However, 
this does not mean that at a fixed temperature the same 
percentages of the various gases will always be obtained. 
On the contrary, the same value for Kw can be obtained 
from an infinite number of combinations of percentages. 
One should bear in mind that Kw can be calculated only 
for a system at equilibrium and that the temperature at 
which the reaction took place can be determined from 
the value of Kw. 

The composition of gases evolved during welding with 
a number of types of coated electrodes has been deter- 
mined. These data were obtained by welding in a closed 
chamber containing an inert atmosphere (helium). The 
gases were collected, measured and analyzed. Table 1 
contains these analyses and the mass-action constants, 
Kw, calculated from them. These values ranged from 
0.172 to 0.304, averaging 0.241. The fact that these 
values fall within a relatively narrow range, in spite of 
very large variations in composition of the arc atmos- 
pheres, suggests that approximate equilibrium conditions 
are obtained. According to data reported by Schenk,"! 
the constant, Kw, equals 0.241 at a temperature of 
1580° C. A value of 0.239 was calculated from the 
analysis of gases obtained by Larson‘ from an electrode 
with a cellulose-type coating. This is in remarkable 
agreement with the average mass-action constant given 
above. 

It should be pointed out that the term ‘“‘arc atmos- 
phere,” as used here and as commonly used by others, 
does not refer to the composition of the gases in the arc 
proper (where the compound gases are probably de- 
composed to their elements, which in turn are ionized to 
a considerable degree) but rather to the recombination 
formed when the metal spray and gases are cooled to 
the temperature of the weld pool. The gases recombine 
and form the ‘‘arc atmosphere’”’ which can be collected 
and analyzed. These gases tend toward equilibrium 
with each other and with the constituents of the molten 
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pool at, or somewhat above, the solidification point of the 
metal, probably in the range 1500 to 1800° C., depending 
on the operating characteristics of the electrode. They 
form the atmosphere in immediate contact with the pool 
and so must have a marked effect upon the oxygen, car- 
bon and hydrogen content of the weld deposit. It ap- 
pears, therefore, that the gases evolved from coated 
electrodes during welding may be logically considered as 
those of the water-gas reaction. Examination of 
various electrodes from this point of view should give 
valuable clues as to the cause of such welding defects as 
porosity and underbead cracking. 


Table 1—Mass-Action Constants for the Reaction Between 
Gases in Various Arc Atmospheres 


—————Electrode—————~ Percent by Volume in 
Code Are Atmosphere 
Name Type CO CO, Kw* 
X1 E6010 16.2 40.7 39.4 2.7 0.172 
X2 E6013 42.0 3.8 0.191 
X3 E6020 20.6 41.4 34.2 3.8 0.223 
X4 Experimental LHLCTt 9.0 19.2 63.4 8.4 0.283 
X5 Experimental LHLCY 10.4 16.9 61.3 11.4 0.304 
X6 Experimental LHLCT 12.2 15.4 59.5 12.9 0.274 
X7 Experimental LHLCf 17.4 10.7 49.9 22.0 0.272 
X8 Experimental LHLCt 8.2 7.5 68.4 15.9 0.213 
X9 Experimental LHLCt 8.1 10.6 68.6 12.7 0.242 
X10 Commercial LHLCt 8.1 8.7 69.0 14.2 0.221 
X11 Commercial LHLCt 2.1 2.1 77.1 18.7 0.2342 
X12 Experimental LHLCTt 1.5 1.8 79.8 16.9 0.2& 
Average 0.241 
Larson’s data §.6 61.2 42.1 1.1 0.239 
* Mass-action constant for water-gas reaction: 
Pu, x Peo, 


t Low-hydrogen lime-coated 


In view of the rather extensive literature on the oxy- 
gen and carbon content of steels in equilibrium with 
atmospheres containing various ratios of CO:COs, it 
may appear that the water-gas constant, Kw, would 
vary considerably with the carbon content of the steel 
being welded. However, this is not the case, because 
the amount of gas evolved from the weld pool can amount 
to not much more than 10% of the total volume of arc 
atmosphere, even in extreme cases. For example, the 
core wire of the usual coated electrode is of low-carbon, 
rimmed-steel containing about 0.10% carbon. Single- 
pass welds tend to fuse an amount of base metal roughly 
equal to, or less than, the amount of metal deposited from 
the core wire. Thus, a weld in a 0.40% carbon base 
plate would contain 0.25% carbon because of dilution by 
the deposited metal. Taking an extreme case, where 
the carbon content would be further reduced to 0.15% 
through oxidation by the arc atmosphere, only about 13 
ec. of CO per inch of electrode (*/. in. diameter) would 
be produced. This volume cannot greatly alter the 
composition of the arc-atmosphere which runs from 100 
to 200 cc. per inch of electrode burn-off. In addition, 
the constant would tend to be maintained by oxidation 
of some of the evolved CO by H,0 in the arc atmosphere. 

Similar arguments may be used to show that the bal- 
ance of the water-gas reaction is not permanently af- 
fected by solution or evolution of hydrogen by steel. 
Thus, in general, the composition of the arc atmosphere 
determines the oxygen, carbon and hydrogen content of 
the steel. Although the composition of the steel can 
alter the composition of the arc atmosphere somewhat, 
compensating reactions among the constituents of the 
arc atmosphere tend to maintain the same equilibrium 
constant at a given temperature. 


37-s 


| | 
% 


The mass-action constant, Kw, is lower at higher 
temperatures. Electrode X1 (E6010) gives a flat bead 
and deep penetration which is attributed to better heat 
transfer brought about by the high hydrogen content of 
the arc atmosphere. This seems to be in agreement 
with the low constant of 0.172 for this electrode. How- 
ever, electrode X2 (E6013), which produces a compara- 
ble amount of hydrogen, is known as a “‘cold’’ electrode, 
because it gives less penetration and lays a convex bead. 
The low constant (0.191) in this case does not appear 
to be in keeping with the apparent temperature of the 
weld deposit. 

The results given in Table 1 are averages of two analy- 
ses per electrode. Mass-action constants calculated 
from individual analyses for any one electrode show a 
range as great as that for different types of electrodes. 
For this reason, the variation in constant from electrode 
to electrode should not be considered significant. Be- 
cause of difficulty in accurately measuring the minor 
constituents of the arc atmosphere, only the average 
values from several runs can give reliable results. For 
that reason, this paper is attempting only to point out 
the trend. 


Hydrogen Content of Weld Metal as Calculated 
From Composition of Arc Atmosphere 


There has been considerable conjecture as to the mag- 
nitude of the hydrogen content to be expected in weld 
metal. Reeve’? has calculated the solubility of hydro- 
gen in liquid iron at 1500, 1600 and 1600° C. in the pres- 
ence of dissolved FeO. The values were obtained from 
Chipman’s'*. '* data for values of H, to H,O ratios over 
liquid iron containing dissolved FeO, by applying 
Sieverts’ values for the solubility of hydrogen in liquid 
iron. However, like other investigators who have 
speculated on the amount of hydrogen dissolved in weld 
metal, Reeve was handicapped by a lack of detailed 
knowledge of the partial pressures of hydrogen in gases 
forming the are shield. 

Having actually determined the composition of the arc 
atmosphere (Table 1) as part of the investigation at 
Battelle, it seemed of value to calculate the probable 
maximum amount of hydrogen dissolved in welds made 
with these electrodes (Table 2). The calculations are 
justified by the fact demonstrated earlier that gases are 
evolved in ratios indicating approximate equilibrium. 
The hydrogen in the arc atmosphere ranges from 1.8% 


Table 2—Theoretical Hydrogen Solubility in Welds Made 
by Various Types of Coated Electrodes 


Hydrogen 
Mil. per 100 g. 
In Are Dissolved in 
—————Electrode._ Atmosphere, Weld Metal 
Code Pa* in 1550° 1600° 1700° 
Name Type Atms. C. 
(100% Hydrogen) 1.000 1.000 28.0 29.7 32.6 
X1 E6010 0.407 0.688 17.9 18.9 20.8 
X2 E6013 0.367 0.607 17.0 18.0 19.8 
X38 E6020 0.414 0.644 18.1 19.1 21.0 
X4 Experimental LHLC 0.192 0.4389 12.3 13.0 14.3 
X5 Experimental LHLC 0.169 0.412 11.5 12.2 13.4 
X6 Experimenta! LHLC 0.154 0.392 11.0 11.6 12.8 
X7 Experimental LHLC 0.107 0.327 9.2 9.7 10.6 
X8 Experimental LHLC 0.075 0.274 7.7 82 8.9 
X9 Experimental LHLC 0.106 0.326 9.2 9.7 10.6 
X10 Commercial LHLC 0.087 0.296 83 8.8 9.7 
X11 Commercial LHLC 0.021 0.145 4.1 4.3 .4.7 
X12 Experimental LHLC 0.018 0.130 3.6 3.9 4.2 


5 Partial pressure of hydrogen. 


to 41.4% by volume, depending on the type of coated 
electrode used. This means, that at 1550° C., 100 g. of 


Table 3—Sloman, Rooney and Schofield Data on Hydrogen 
in Arc-Weld Deposits 


Hydrogen in Weld, M1. per 100 G———. 


Cold Vacuum 

Electrode Extraction Fusion Total 
A 6.4 8.0 13.4 
B-a 5.8 7. 
B-b 2.3 4.1 6.4 
ie 1.4 6.8 8.2 
D 2.8 6.6 9.4 
E 2.0 15.8 17.8 
F 3.2 1.5 4.7 


metal may contain 3.6 to 18.1 ml. S.T.P. of hydrogen if 
equilibrium is reached between the hydrogen in the 
atmosphere and that dissolved in the weld. 

Table 3 contains data obtained by the British in- 
vestigators Sloman, Rooney and Schofield’* for the total 
hydrogen content of arc-weld deposits with various types 
of coated electrodes. In the following discussion, the 
original code letters, A through F, for the British elec- 
trodes, have been retained. Electrodes tested at 
Battelle are designated with an initial letter X followed 
by a number, i.e., X1 through X12, inclusive. It will be 
noted that there is excellent correlation between the 
British results and the computed values (at 1550° C.) 
for similar types of electrodes. Electrodes A and E have 
cellulosic-type coatings comparable to electrodes X| 
(E6010), X2 (E6013) and X3 (E6020). X4 and X5 
(experimental low-hydrogen, lime-coated) contain smaller 
amounts of cellulose. D contains asbestos, as do X6 and 
X7 (experimental LHLC). Asbestos holds considerable 
combined water and so tends to yield more hydrogen 
than many other minerals used in electrode coatings. 
The coating of electrode F was designed to be especially 
low in hydrogen, as were those of electrodes X12 (ex- 
perimental LHLC) and X11 (commercial LHLC), which 
in addition were heated at 540° C. for 1 hr. to remove 
combined moisture. B and C are mineral types, free 
from organic matter and asbestos. Comparable elec- 
trodes are X8, X9 (experimental LHLC) and X10 (com- 
mercial LHLC), which contain only mineral matter and 
which were dried at normal temperature. 

Table 4 contains further evidence that the hydrogen 
content of the weld deposit at the time of solidification 
can be calculated rather accurately from the partial 
pressure of hydrogen in the arc atmosphere. Several 
weld beads were made with various electrodes listed in 
Table 2. The beads were made on pieces of low-hydro- 
gen (1.1 ml. Hy per 100 g.), cold-rolled steel strip, */1. x 
'/, x 2 in. long. At each end were placed additional 
strips 1 in. long for starting and ending the weld. The 
weld bead was quenched in mercury immediately upon 


= 


Table 4—Warm-Extraction Hydrogen Analyses Obtained at 
Battelle Memorial Institute 


——MI. H; per 100 G. Weld Metal——. 
From Weld Metal—— Calculated from 


Cold Warm Arc Atmos- 
-——Electrode——. Evolu-  Extrac- phere Data 
Code Name Type tion tion Total (See Table 2) 
X1 E6010 15.3 eg 17.0 17.9 
X3 E6020 14.0 1.5 15.5 18.1 
x9 LHLC 5.6 1.0 6.6 9.2 
X10 LHLC 6.6 0.9 7.5 8.3 
X11 LHLC 2.9 1.8 4.7 4.1 
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completion of the weld. The end pieces were broken off 
and discarded, leaving the rather uniform central portion 
for analysis. Within four minutes after starting the 
weld, the cold specimen was stored in a test tube of mer- 
cury. In four days’ storage at room temperature, 
most of the hydrogen was evolved. The specimen 
was then transferred to a warm-extraction apparatus and 
the remaining hydrogen was extracted by diffusion from 
the solid metal at 650° C. in a vacuum. 

The specimen was sectioned and etched to determine 
the proportion of metal which had been fused. The 
values reported in Table 4 are based on the weight of 
fused metal and corrected for the hydrogen initially pres- 
ent in the unfused portion of base metal. Two speci- 
mens showed 55% fused metal, while the others con- 
tained about 80%. 

Despite the rapidity of the quench, some hydrogen, 
loss is to be expected. However, the analytical results, 
although slightly lower, agree quite satisfactorily with 
the theoretical values calculated from arc-atmosphere 
data. The hydrogen dissolved in weld metal varies 
with the available hydrogen in the coating. Cellulosic 
matter (carbohydrate) is particularly high in hydrogen. 
Coatings incorporating ingredients such as asbestos, 
which contain combined water, produce more hydrogen 
than coatings which contain only the combined water of 
the binder (sodium or potassium silicates). Elimination 
or reduction of moisture content by high-temperature 
baking reduces the hydrogen content of the weld metal 
to a minimum of about 3.6 ml. per 100 g. of metal, which 
corresponds to a hydrogen content of 1.8% in the arc 
atmosphere at 1550° C. 

Some welds, particularly those made with electrodes 
' whose coatings embody cellulose, dissolve hydrogen in 
excess of its solid solubility (13.3 ml. per 100 g.) at the 
melting point of iron. Therefore, hydrogen may be a 
cause of porosity in such welds. The theoretical amounts 
of hydrogen present in weld metal deposits made with 
mineral-coated electrodes (3.6 to 9.0 ml. per 100 g.) do 
not appear capable of producing porosity since they 
would not exceed the limits of solubility at one atmos- 
phere pressure until the metal was cooled to 1200° C. 
Such amounts of hydrogen as 9.0 ml. per 100 g., if re- 
tained, would, no doubt, produce underbead cracking 
in crack-sensitive steels, but hydrogen is continuously 
diffusing from the metal during cooling so that welds on 
l-in. alloy steel plate,* computed to contain less than 
9.0 ml. of hydrogen per 100 g. of steel at the temperature 
of solidification, tend to be free from underbead cracking. 
Whether or not a steel cracks probably depends, as stated 
in the introduction, upon the amount of hydrogen pres- 
ent at the M, point (finish of the austenite-martensite 
transformation). Unfortunately, no data are available 
at present on the minimum amount of retained hydrogen 


* Analysis: C, 0.45; Mn, 0.70; Si, 0.25; Mo, 0.50; Cr, 1.2; V 0.20. 


that will ptoduce cracking. This aitioiitit, of course, 
varies considerably and is dependent upon such factors 
as alloy content, metal structure, heating rate and cooling 
rate. 

The experimental hydrogen determinations agree 
quite well with the values obtained from thermodynamic 
calculations. It would be of considerable interest to 
extend this work further to other constituents of weld 
metal. One should be able to calculate the FeO content 
of weld metal from either the ratio of H; to H,O, or of 
CO toCO,. Moreover, the carbon content should be pre- 
dictable from the FeO content. 


Conclusions 


The purpose of this paper is to present an inter- 
pretation of the chemistry of the arc atmospheres 
evolved in metallic arc welding. A brief summary of 
the conclusions reached follows: 

1. Complete analyses of the atmosphere present in 
the arc region during welding with a number of different 
coated electrodes are available for the first time. 

2. Mass-action constants obtained when analytical 
data are substituted in the water-gas reaction equation 
indicate that approximate equilibrium conditions are 
obtained in the arc atmosphere, in spite of rapidity of 
the reaction. 

3. Hydrogen contents of weld metal calculated from 
the hydrogen analysis of the arc atmosphere not only 
seem reasonable, but also show fair agreement with 
Sloman’s data and with new experimental determinations 
reported in the present paper. 

4. From an analysis of the gases in the arc atmos- 
phere, one can deduce the conditions under which a weld 
pool. solidified and, hence, can draw useful conclusions 
regarding the constituents of the weld metal, for ex- 
ample, the magnitude of its hydrogen content. 
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Nondestructive Measurement of 
Residual and Enforced Stresses 
by Means of X-ray Dittraction 


By George Sachs,' Charles S. Smith, Jack D. Lubahn,t Gordon E. Davis' and Lynn J. Ebert! 


I—Correlated Abstract of the Literature 


Summary 


appears that stress measurements by means of the 

X-ray diffraction method have found considerable 
application in solving both commercial and laboratory 
problems. 

However, an experimental and theoretical investiga- 
tion of numerous factors which influence the practical 
execution of the X-ray method shows that the conditions 
in commercial structures are not conducive to accurate 
stress determinations. 

Two selected problems that were investigated in detail 
will be discussed in a forthcoming report. The X-ray 
diffraction method revealed some fundamentally im- 
portant facts regarding (a) the stress distribution in 
structures containing sudden section changes and sub- 
jected to elastic or plastic straining, and (0b) the stress 
distribution within the bead of a weldment. However, 
the X-ray method does not appear sufficiently developed, 
at the present, to meet the requirements of a practical 
method of stress measurement, such as the following: 


| NROM a study of the literature on this subject, it 


(a) The experimental technique should be simple. 

(6) Any metal in a commercial condition should be 
subject to the method. 

(c) The calculations should be readily performable by 
means of graphs, tables or graphical methods. 

(d) The results should be accurate and clearly explain- 
able. 


Thus the stress determinations by means of X-ray 
diffraction must be limited in the near future to research 
and development work, which allow a choice-of the opti- 
mum metal conditions and exposure conditions for such 
work. 


Introduction 


The application of the X-ray diffraction method to the 
measurement of enforced and residual stresses in metal 
has attracted considerable interest. However, at the 
present, this method is not sufficiently developed to per- 
mit a commercial application. 

Consequently, an attempt has been made, through the 


* National Advisory Committee for Aeronautics—Technical Note No. 986, 
September 1945. 

t Dept. of Metallurgical Engineering, Case School of Applied Science, 
Cleveland, Ohio, October 1942. 


study of available information, its critical evaluation, 
and experimentation on variables in technique and on a 
few selected examples, to clarify the present situation re- 
garding the feasibility of stress measurement. 

This investigation, conducted at the Case School of 
Applied Science, was sponsored by and conducted with 
the financial assistance of the National Advisory Com- 
mittee for Aeronautics. 

During this work, the investigators were assisted to a 
considerable extent by other staff members of the Depart- 
ment of Metallurgical Engineering, Case School of 
Applied Science. Particularly appreciated is the co- 
operation of Prof. K. H. Donaldson, Head of the Depart- 
ment, Mr. F. J. Miller, and Professor D. T. Doll. 


History 


The only destruction-free method which fundamentally 
permits the determination of the strain and stress states 
in an externally or internally strained part is the X-ray 
method. The first attempt of X-ray stress measurement 
was made in 1925 by Lester and Aborn,' who measured 
the lattice parameter of a thin steel strip, subjected to 
tension, by means of a regular half-circular caimera, Fig. 
1 (a). The strain (Fig. 3) as measured by lattice para- 
meter changes, however, could not be revealed with an 
accuracy sufficient for practical application. Also, the 
various types of cameras (Fig. 1) available at that time 
permitted only the investigation of small articles, such as 
wire, sheet or powder, but not of extended objects or 
structural parts. 

While various methods have been successfully de- 
veloped for high precision measurement of lattice para- 
meters, using small objects, a really nondestructive 
method became available only in 1930 with the introduc- 
tion of the flat-back reflection camera, Fig. 2 (6), by 
Sachs and collaborators.’-’ This camera uses the gen- 
erally applied principle that a high accuracy in X-ray 
diffraction measurement can be obtained by the use of 
the reflections with the largest possible diffraction angles, 
that is, between 85 and 90° (Fig. 1). For a reflection 
angle of 90°, or reversely reflected beams, the experi- 
mental errors become zero. In the regular ‘“‘powder’’ 
methods, Figs. 1 (a) and 1 (0), the line distances on one or 
both sides of the incident beam (Fig. 4) are accurately 
measured. Film shrinkage and variations in the film to 
specimen distance are compensated by special calibration 
devices incorporated in the camera, or by the use of a 
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X = direct beam; O = object; F = film; § = split or pinhole system. 


Fig. 1—Diagrammatic Representation of Various X-ray Powder Method Cameras 


(a) Regular half circular camera; (b) regular circular camera; (c) back reflection circular camera; (d) back 


reflection half circular camera. 


calibration substance, such as rock salt. A further in- 
crease in accuracy and further simplification of precision 
measurements resulted from Van Arkel’s? suggestion of 
placing the film in a regular cylindrical camera with the 
entering (incident) beam or pinhole system as center, 
Fig. 1 (c). Thus, the reflections close to 90° appear 
close to the center of the film (Fig. 5) and their reflection 
angles can be determined accurately as a difference 
(Fig. 6): 
(180 — 26) _ B 


@D (in radians) 


angle of diffraction 
2B = distance between two corresponding lines 
D distance between film and object 


Applications of other variations of this principle include a 
half-cylindrical camera (Figs. 1 (d) and 2 (a)),* a conical 
camera (Fig. 2 (c))® and a cylindrical camera having the 
direct beam as axis (Fig. 2 (d)).® 


b 


However, so far, only the flat-back reflection camera, 
provided with rotary and rocking movements, Fig. 12, 
has become popular, because of the combination of ease 
of handling and high precision.t The term ‘“‘back re 
flection method” -today usually refers to the application 
of this type of camera. 

The first precision X-ray stress measurements were 
carried out by Sachs and Weerts® with this camera, using 
a copper target X-ray tube. The object was a duralumin 
strip subjected to bending. The investigation yielded 
results (Figs. 7 and 8) which have initiated extended re 
search into this field. For the investigation of iron and 
steel, cobalt and chromium target tubes supply, according 
to Van Arkel and Burgers” a more suitable radiation 
than a copper target, since the copper target tube causes 

+R. W. G. Wyckoff, The Structure of Crystals, 2nd ed., 1931, p. 164, refers 
to this method as follows: ‘Results of still greater accuracy can be obtained 
by using spectra reflected through angles of nearly 180° and recorded on photo- 

aphic plate instead of film. Ordinarily the purity of the material does not 
justify measurements of the maximum accuracy thus attainable.”’ In the 
article by C. S. Barrett, ‘“X-ray Diffraction Equipment and Methods, Sym- 
posium of Radiograph and X-ray Diffraction Methods Am. Soc. Testing 


Materials, 1937, pp. 193-229, 12 out of a total of 19 figures relate to the flat- 
back reflection camera or to results obtained by means of this camera 
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Fig. 2—Diagrammatic Representation of Various Back Reflection Cameras 


(a) Half circular camera; (b) flat film camera; (c) conical camera; (d) axial cylinder camera. 
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excessive fogging of the film. Chromium radiation has 
been particularly recommended for heat-treated steels.® 

The theory of X-ray stress measurement has been dis- 
cussed by Aksenow‘ in a general manner. Sachs and 
Weerts® developed the relations for back reflection. 
They applied the relations to exposures taken perpen- 
dicular to the surface, yielding the strain in this direc- 
tion or the sum of the two principal stresses in the sur- 
face. This simple procedure frequently has been found 
to be satisfactory for practical purposes."!. 12. 14-17, 20, 9 
Barrett and Gensamer® and Haskell” suggested the 
determination of the total stress state from measurements 
of several line distances in the film. However, the ex- 
perimental measurement of the complete stress state 
usually follows the method developed by Glocker and his 
collaborators.*!. 22. *6, 26, 4, 44 Four exposures, one in 
the direction perpendicular to the surface and the other 
three under oblique angles, are required to determine the 
stress state completely. The lattice parameter of the 
unstrained metal can be calculated also from the meas- 
urements on the strained part, If the directions of the 
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Fig. 3—-Stress-Strain Curves of Low-Carbon Steel as Determined 
Both by Means of X-rays and Mechanically 
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Cylindrical film perpendicular to the light beam 


Fig. 5—‘‘Powder” Pattern Made with the Camera Loaded {or 
Back Reflection Measurements. Reflections at Large ¢@ Appear 
at the Center of the Film 
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Fig. 6—Relation Between Line Distance 
and Diffraction Angle in Back Reflection 


principal stresses in the surface are known, three expo- 
sures are sufficient. Various methods suggest a further 
decrease in the number of exposures**. 46 4. ®. 61, 6 by 
utilizing the fact that a complete reflection circle repre- 
sents the strains in various directions parallel to the 
elements of a cone. Thus, a single oblique exposure 
should be sufficient for a complete stress determination; 
the accuracy of such a method is, however, not suffi- 
ciently high. 

One of the fundamental assumptions of the X-ray 
stress measurement method is the absence of stress per- 
pendicular to the surface in the extremely thin metal 
layer which produces the reflected beam. This assump- 
tion has been discussed in detail and studied by Kurd- 
jumow and collaborators.”’. 


Equipment 


Any type of equipment which produces high voltage 
can be used for X-ray stress measurement, the highest 
required voltage being approximatety 40,000 volts. 


Interference lines of the K, radiations of Cu 


Fig. 4—‘‘Powder"’ X-ray Diffraction Pattern Reflections at Small 6 Appear at the Center of the Film 
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5 Fig. 8—Precision Back Reflection X-ray 
@) Patterns Used to Measure Stresses in 
0 024 0.48 Duralumin Subjected to Bending 


DEFLECTION — IN. 
Fig. 7—Changes in Lattice Parameter of 
Duralumin Caused by Bending® 


Both gas (or ion) tubes and electron tubes have been 
used, the latter to a considerably larger extent. The air- 
or oil-cooled electron tube requires less space and auxil- 
iary equipment and is, therefore, more suitable than the 
gas tube for portable units (Fig.9). The principal prob- 
lem regarding the tube is the delivery of sufficient in- 
tensity for a considerable time, ranging from 5 minutes 
tomany hours. It appears that the rotating target tube 
may Offer the final solution; but so far no stress measure- 
ments have been carried out with this newest and ex- 
pensive type of tube. 

The target metal has been discussed already. While a 
copper target is suitable for aluminum alloys, cobalt 
targets and, to a minor extent, chromium targets have 
been used for the investigation of iron and steel. Iron 
target tubes have been recommended for stress measure- 
ment on magnesium alloys.®® 

Portable, shock- and ray-proof tube stands (Fig. 9) for 
X-ray stress measurement have been built in Ger- 
many.*!, 41,47 A simple method of securing accurate 
rotation of the tube by a predetermined angle has been 
proposed by DeGraaf and Osterkamp® (Fig. 10). 

The flat-back reflection camera is generally used. It 
has been developed from the original separate form 
(Fig. 11) to an attachment of the tube". ** (Figs. 9 and 
12). The rotational movement around an axis perpen- 
dicular to the film‘ permits the investigation of fairly 
large-grained metals. However, such a movement will 
average the stresses present in various directions. The 
resulting deviation can be reduced by rocking motion or a 
rotation (limited) to a certain angle from the desired posi- 
tion, according to Gisen, Glocker and Osswald.** If an 
exposure is taken on iron under 45°, and the part of the 
reflection circle close to the metal surface is used, the 
following average errors (reductions of stress) in the stress 
determination result under the most unfavorable condi- 
tions: 
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Fig. 9—Portable X-ray Diffraction Unit for Stress 


Measurement 


Rotation, Maximum Av. 
Deg. Error, 
—0.5 
30 —1.7 
45 —3.7 
+60 —6. 
+90 —13.0 


Thus, rotations up to +30° cause only an insignificant 
error in the final stress, and rotations up to + 60° might 
be used with only a slight error in stress. Full rotation ts 
permissible if the exposure is taken perpendicular to the 
surface. The resulting error is approximately —7°%. 
An important part of the camera is the pinhole system, 
which determines the intensity of the utilized X-ray beam 
and, to a certain extent, the width of the diffraction lines 
which must be measured. In laboratory work, the X- 
rays are frequently limited to a narrow cylindrical beam 
by means of two circular pinholes, in order to restrict the 
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Fig. 10—-Arrangement of X-ray Tube for Stress Measurement’ 
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Fig. 11—Flat-Back Reflection X-ray Diffraction Camera 


ing Mechanism 


Fig. 12—Flat-Back Reflection X-ray Diffraction Camera Show- 


sectional beam is obtained by means of a single slit in con- 


investigation to a small spot on the surface of the metal. 
The spot is usually between 0.020 to 0.040 in. ('/2 to 1 


nection with the line-shaped focus of the tube.* How- 
ever, ‘‘sharp’’ diffraction lines from such large reflecting 


mm.) in diameter. This restriction will not apply to areas can be obtained only by applying the well-known 


most commercial objects, and it will be sufficient for 
many purposes to determine the average strain and stress 
in an area of approximately '/, in. in diameter. 

For special purposes, the use of a beam of rectangular 
cross section is recommended. This rectangular cross- 


focusing principle*‘ (Fig. 13) which has been utilized fre- 
quently for other types of diffraction work. The mean- 
ing of this general geometrical condition is that a beam of 
light originating from a point also reflects back into a 
sharp point if the origin, the reflecting surface and the 


Fig. 13--Focusing Conditions 


(a)Circular camera. 


(b) | Perpendicular surface. 


i Back reflection Oblique surface. 


(c) 
404-s WELDING RESEARCH SUPPLEMENT 


“eee 


JULY 


% 
ag Hock 
| 
x 
~ 
x x tT 
/ 
= 
/ 
/ 
/ 
\ 
~ - 
al 
a b Cc 


camera with the film rotated. 


image are located on the surface of the same circle. The 
application of this principle to back reflection in the per- 
pendicular and oblique directions is illustrated in Figs. 
13 (6) and 13 (c). In the arrangement of Fig. 13 (c), it 
is necessary to block off from the X-rays the side of the 
film marked F, and make a subsequent exposure with the 
film rotated 180°. This refinement has been little used, 
however; it is more customary to use arrangement 13 (b) 
for an oblique picture and to accept the small defocusing 
which results. Regarding the size of the usable beam, it 
has been recommended that the focusing pinhole be 


Fig. 15—-Diffraction Pattern Showing the Ka Doublet Merged 
Into a Single Broadline 


0.024 in. (0.6 mm.) in diameter and the front pinhole 
0.040 to 0.080 in. (1 to 2 mm.) in diameter. However, 
it should be possible to use a much larger front pinhole 
and correspondingly to reduce the exposure time, in many 
cases. 

The lining up of the pinhole system with a desired spot 
on the surface of the subject is achieved by means of 
some simple device, such as a sleeve on the pinhole sys- 
tem. 


Experimental Procedure 


In order to determine a lattice parameter with a high 
accuracy, generally three methods are applied. First, 
the distances from the film to the camera and from the 
direct beam to the reflection lines are measured very 
accurately. This is done by means of calibration marks 
incorporated in the camera and reproduced on the film. 
This principle cannot be applied to the flat-back reflec- 
tion camera which does not possess a definite distance 
between film and object. Second, the mutual position of 
at least two lines permits the calculation at the lattice 
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(a) A nonfocusing camera with stationary film; (b) a focusing camera with stationary film; 


Fig. 14—X-ray Diffraction Patterns 
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(c) a focusing 


parameter without accurate knowledge of the distances 
which are also distorted by film shrinkage.*:* This 
method is tedious, particularly if applied to parameters 
which are affected by elastic strain.6 The third and 
generally applied principle utilizes a calibration sub- 
stance,’: '!. 12. 14 ysually silver or gold which is attached 
to the surface of the investigated object for the stress 
measurements. 

The resulting X-ray film will show, in its ideal, four 
lines on each side of the direct beam which is in the center 
of the film for four full circles with the beam as center, 
Fig. 14 (c). Two of these lines are the K,-doublet of a 
diffraction line of the investigated metal, the other two 
lines represent the A,-doublet of a diffraction line of the 
calibration substance. 

The lines of the object, however, are frequently quite 
different from this ideal shape (Fig. 14). There are two 
types of metal conditions which might seriously impair 
the accuracy of stress measurement,*® spotty lines, Fig. 
14 (a), appear on a stationary film if an annealed metal 
has big crystals. Such films cannot be measured accu- 
rately. It is recommended first that 0.005 to 0.010 in. of 
metal be pickled off the surface in order to remove scale, 
oxide and the frequently distorted (i.e., by grinding, 
polishing, straightening) surface layer.** In applying 
the calibration powder, care has to be taken to dimension 
the quantity so as to give both the lines of the investi- 
gated metal and those of the calibrating substance in 
approximately equal intensities. A suitable method of 
application consists of spraying some of the gold or silver 


Fig. 16—Comparator for Measuring Diffraction Patierns 
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Fig. 17—Microphotometer Trace of an X-ray Diffraction Pattern 
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Fig. 18—Distance Between Steel and Gold Lines at Various 
Points of the Diffraction Circle 


powder on Scotch tape and gluing the Scotch tape to the 
metal surface. Rotation (Fig. 7) and the focusing prin- 
ciple (Fig. 14) will considerably improve the appearance 
of the film; in many cases annealed metals can be satis- 
factorily subjected to X-ray stress measurements. How- 
ever, if the grains are very large, the diffraction lines 
might be displaced and irregular, or they might consist 
of several streaks.*® This condition renders an 
accurate measurement impossible. 

The other condition of the metal which presents diffi- 
culties on X-ray stress measurements is characterize1 by 
the merging of the K,-doublet into a broad line with an 
apparently continuous intensity distribution (Fig. 15). 
Cold work and heat treating of steels create such an 
appearance. However, while it is impossible to measure 
such a film accurately by visual means, the photometer 
might frequently be employed to obtain the required 
accuracy.” It has been claimed also that, in this respect, 


Fig. 19—Direction Angles 


(a) Oblique projection; (b) Stereographic projection 
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chromium radiation is more suitable for the investigation 
of heat-treated steels than cobalt radiation.” Other- 
wise, the accuracy of measurements has been found the 
same for visual and for photometric measurements. 

In the visual method, the center distances of the vari- 
ous lines are measured by means of a simple measuring 
device equipped with a vernier, or “comparator” (Fig. 
16). In the photometric method, the intensity of the 
lines is measured at frequent points and recorded (Fig. 17) 
and the distances between the maxima determined. By 
repeating the measuring procedure a number of times, the 
tolerance of the measurements can be usually brought 
down to +0.05 mm. (+0.002 in.). . 

However, if the lines are very diffuse, as in Fig. 15, 
the accuracy of the measurements will be considerably 
reduced. In order to improve this condition, the follow- 
ing procedure has been recommended. The film should 
be taken without rotation to show the complete diffrac- 
tion circles of both the investigated metal and the cali- 
bration substance. The distance between the two a, 
lines must be measured along 12 different radii and 
plotted against the angle which each radius makes with 
some zero radius (Fig. 18). Through the individual 
points which may scatter considerably, a more accurate 
trend curve of the sine type can be drawn. The desired 
values can be taken from this curve with an accuracy of 
+(0.1 mm. (+0.004 in.) even though the individual 
points scatter by as much as +0.5 mm. (+0.020 in.). 

It has been claimed that the increasing width of the 
lines caused by cold working can be used as a measure of 
the residual stress present in the metal. While this 
broadening of the diffraction lines might be attributed 
to some ‘“‘microscopic’’ stress between and within the 
crystal grains, this effect cannot be correlated with the 
“macroscopic” stress or the residual stress which is being 
discussed here. Only by means of the accurate method, 
explained in the next section of this report, can the dis- 
tribution and magnitude of the stresses be determined. 

Considerable argument has arisen regarding the mag- 
nitude of the elastic constants which must be used for the 
stress calculation.™ * It appears, however, that the 
objections to the use of the common elastic constants 
have not been substantiated.‘ * 


Fundamentals of Stress Measurement 


Geometrical Relations 


The position of an arbitrary direction, N (Fig. 19) in 
relation to a system of axes, J, IJ, III, can be expressed 


Fig. 20—Direction Angles of Arbitrary Axes 
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Fig. 23—Direction Angles of Two Direc« 
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either by two of the three angles a, 8, y, which this Laws of Elasticity for Surface Layers 


direction includes with the three axes, wd by the “longi- Regarding the stress and strain conditions in the layer 
tude” ¢ and the “latitude” y = y, where: which is accessible to the investigation with X-rays, the 
cos a = a Rieti important assumption is made that this layer can be con- 
cos B = a the direction (1) sidered as surface and free from normal stress. This 
cosy = a,} Cosme assumption has been the subject of a special investiga- 
a: + ae? + ag? = 1 (2) tion*® and has been found to be valid. 
cos¢@ = q 3 
cos ¥ = 3] ®) ¢ 
2 Sy’ 
1 a3” 


= — p*), = (1 — (1 — p*) (5) 


These and other trigonometric relations can be par- 
ticularly well followed up in a stereographic projection, 
Fig. 19 (6). The meaning of the stereographic projection 
can be understood from a comparison with the common 
oblique projection, Fig. 19 (@). The principal features 
of the stereographic projection (or any circular projec- i$ 
tion) are the representation of directions by points and Fig. 24—Definitions 4 Aagies is the Graphical Solution of 
of angles by portions of great circles. neIpes Siecees 


Universal Laws of Elasticity 


So 


The following universal laws of elasticity are of im- - e. I 
portance regarding the problem of X-ray stress measure- 
ments: 30 
= Se — VS3 — VS\ (6) 
= S3 — vs, — 20 
e,E = s, — vs, — vS, - UNDER LOAD 
e,E = s, — vs, — VS, (7) ~ . 
= s, — vs, — VS, 40 
€ = X ai? + X ay? + X as" 
= (1 — p*)e: X gq? + — g*) + es X (8) Solo 
8S Jp 
Si, $2, Ss = principal stresses in directions J, IJ, III 
€1, €2, €; = principal strains in directions J, JJ, III ” RESIDUAL STRESS o*\o 
Sz, S,, S, = Stresses in three mutually perpendicular S 20 | | | ¢ 
directions X, Y, Z, where X includes the >- 
angles a,, B., Ys 0 10 20 30 40 50 60 
é., ¢,, €é, = strains in three mutually perpendicular 
. directions X, Y, Z, where X includes the APPLIED STRESS ~ 1000 PSI 
angles a,, B,, Ys Fig. 25—Load Stresses and Residual Stresses in a Bent Bar of 
v = Poisson’s ratio Triangular Section* 
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Thus the normal stress perpendicular to the surface is 
a principal stress. 

Let the Axis J/J and Z be identical and perpendicular 
to the surface (Fig. 21) so that: 


This simplifies the relations (6-9) because: y, = 
Vy 90°, one py = 0, 90° = 1 —.g,°: 


ak = — ) 
ek =s a (10) 
ek = + s)| 
e,E = 5, — ) 
c.% e,E = s, — vs, (11) 
= ~o(s, +5, 
(e, — = s,(1 + v) (12) 
Ss, = X + — g,”) | (13) 
s, = (1 — + S2 X 
+ 5s, = t+ (14) 
$s, — s, = — &)(—1 + 29,2)\ 
= — Se) X cos 2¢, | 
e, = + @x(1 — (16) 


X-ray Measurement and Stress Components 


The simplest manner for the determination of a stress 
state consists of determining individually a number of 
(normal) stress components in selected directions in the 
surface. It is sufficient to consider a single such direc- 
tion (X), (Figs. 22 and 23). 

By means of X-rays, strains in the following directions 
may be determined: 


é; in the direction normal to the surface (J/J), 

e’ and e” in directions (A’ and A”) lying in the plane 
III-X and being determined by the respective values y/’ 
and y” or p’ and = = ¢, org’ = = q,. 

The stress s, can be then calculated from any two of 
these three values, combining first Equations 8 and 16: 


e’ = (1 — + — g,”)] +e, X = 
(1 — p’ *)(e, — + @s (17) 
e” = (1 — p”*) (e, — + @ 
e’ — e” = — p’?) (e, — @) (18) 


Then Equations 17 or 18 and 12 are combined: 


component, s,, from two strain values in the normal and 
an oblique direction. This requires two different X-ray 
exposures.”?. 

Equation 20, which uses two oblique strain values, 
can be used also to determine the stress component (s,) 
from a single exposure, using the two parts of the diffrac- 
tion line which belong to the intersection of the plane 
III-X (Fig. 22) with the cone of diffraction.“*; ® How- 
ever, this procedure is not very accurate. 

If the directions J and JJ of the principal stresses in 
the surface are known, Equations 19 and 20 can be used 
to calculate directly the principal stresses from a normal 
and two oblique exposures, yielding three strains, the 
normal and one each in the two planes J//J-J and IJJ-II. 


= — 4) (12a) 

_ e’ — E eo — 

Ss l + y x ‘2 + y 9 y’ ( 1 9) 
E e’ —e" E 

(20) 
A Thus, Equation 19 permits the calculation of the stress ° 
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Fig. 26—Circumferential Stress at Edge of Bore in an Elastically 
Twisted Bored Stee] Rod** 


Determination of the Principal Stresses and Their Direction 


However, if the directions J and JJ of the principal 
stresses are unknown, it is necessary to determine three 
stress components in the surface, preferably s, and s, 
perpendicular to each other, and a third stress s’, in 
a direction X’ which includes the angle 6 with the direc- 
tion X (Fig. 24). The stress s’, in the direction Y’ per- 
pendicular to X’ is then determined by Equation 14: 


=3s,+3,-—', (14D) 


The difference of the principal stresses can be calculated, 
using Equation 15: 


cos cos 2¢’, 
where 
+85 
Three of these relations, for instance: 
5, (14a) 
5S, 
cos 2¢, 
— Ss = — 226 
cos 26, + 26 + 


may be selected and solved for the unknowns s;, 5; and 


to 
= 
| 
a 
= 
| 
te 


1 
9 
cos (1 + cos (24) 
s’, — _ cos + 26) 


25) 
= 25 
cos 2¢, 
Equation 25 may be also written: 


: — = cos 26 — tan 2¢, sin 26 25) 
Ss — Sy 

Since tan a = tan a 180°, an ambiguity as to principal 
stress direction occurs. Two possible values of ¢, result 
from Equation 25, differing by 90°. One value is the 
angle between s, and the larger of the pair, s; and 5», 
while the other, ¢,, value is the angle between s, and the 
smaller of the principal stresses. This situation has 
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Fig. 27—Circumferentia! Stresses at =f of Bore in a Plasti- 
cally Twisted Bored Steel Rod** 


caused some confusion in the literature*® because of the 
usual convention that s; > se, which convention does not 
necessarily apply here. No difficulty occurs if one of the 
¢, values computed from Equation 25 is adopted and 
used in Equations 23 and 24 to compute s; and %. The 
¢, value used is then by definition the angle between s; 
and s,. The s; computed may be either smaller or larger 
than Sp. 


Strain and Lattice Parameter 


So far strain values, e, have been used throughout the 

calculations. The definition of the strain is: 
€ qe (26) 

where d is the measured lattice plane distance, and dy the 
value of this plane distance in the unstrained condition. 
Thus, to determine a strain exactly, the plane distance 
in the unstrained condition must be known. 

However, the equations determining the stresses con- 
tain strains only as strain differences, such as, in Equation 
19: e’, — 3, which is consequently: 


d’',—d 
dy 


where d’, is a measured plane distance in an oblique direc- 
tion, and d; the measured plane distance in the normal 
direction. 

This equation can be replaced within the limits of 
accuracy by the following equation: 

ds 

This formula contains only the directly measured 
lattice plane distances d’, and d; in the stressed condition. 
Thus, in practice, a stressed part may be analyzed with- 
out knowing the lattice parameter in the unstressed 
condition. 

Regarding the cubic metals, any change of the plane 
distance may be considered also as a change of the lattice 
parameter (ca): 


.-a= (27) 


a 


d= 


(28) 


—_ h, k, and J, are the Miller indices of the particular 
plane. 


Results of X-ray Stress Measurements 


Laboratory Experiments on Known Stress States 


The feasibility of X-ray stress measurement has been 
tested in numerous cases by investigating known stress 
states, such as tension, bending and torsion. 

The stress state can be produced in the easiest manner 
by bending, and, therefore, it has been the subject of a 
number of investigations on duralumin® (Fig. 8) and 
steel’® 6 (Fig. 25). Another favored laboratory 
test is torsion, which yields on the surface principal 
stresses of the same magnitude but different signs under 
+45° to the longitudinal axis. The investigation of 
twisted steel bars”! 42, has been used as a test 
for the applicability of complete X-ray measurements of 
the stress state. The torsion of magnesium alloys** has 
also been the subject of an investigation. Furthermore, 
some experiments have been carried out on bars sub- 
jected to tension" ** “4 and on tubing subjected to in- 
ternal pressure.*': 

The stresses created by tension or internal pressure 
can be obtained accurately from the applied load. How- 
ever, if bending, tension or torsion progresses into the 
plastic region, the stresses in the metal cannot be calcu- 
lated according to the rules of elasticity. With in- 
creasing load, the stress, therefore, deviates from the 
straight line relation, starting at a rather poorly defined 
load. With duralumin (Fig. 8) a further increase of 
stress with increasing load (after surpassing this critical 
load) has been observed.* The stress in the surface 
layers of steel bars or shapes (Fig. 25) is apparently re- 
lieved below the value of the yield point when the first 
pronounced plastic flow occurs. This is particularly 
interesting, since it has been concluded from measure- 
ments with strain gages that the stress in nonuniformly 
strained soft steel can become considerably higher than 
the yield point in the highest strained fiber. However, 
strain gages do not distinguish between elastic and plastic 
strain, and very small and unrecognizable plastic strains 
might, therefore, materially affect the results of conven- 
tional stress measurements. 


Investigations on the Effect of Stress Raisers 


One important application of X-ray stress measure- 
ment is the determination of the peak stresses and stress 
distribution introduced by stress raisers. The effect of 
stress raisers can be calculated to a very limited extent 
only, that is, for a few simple cases such as bores. The 
study of photoelastic models can be applied only to flat 
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Fig. 28—Effect of Notch Depth on Peak Stress in Notched 
Tension Test Bars*’ 
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bars. The effect of overstrain appears to introduce a 
considerable uncertainty, as previously mentioned. 

The circumferentiai stress present around the trans- 
verse bore of a twisted rod has been measured by Gisen, 
Glocker and Osswald.*® The rod was subjected to a 
nominal stress (in the cylindrical section) of + 11,500 psi 
The reflecting area was limited to 0.030 in. diameter by 
means of a celluloid plate provided with a hole. The 
resulting stress (Fig. 26) corresponds to the laws of elas- 
ticity, the peak stress, 45,000 psi., being four times the 
nominal stress and slightly below the yield point of the 
steel (47,000 psi.). No residual stress was retained after 
unloading, and the applied stress state had been, there- 
fore, an elastic one. 

The same type of test has also been extended to a load 
which would produce a peak stress of 60,000 psi if the 
steel remained elastic up to this value.** However, the 
actual stress distribution curve (Fig. 27) showed a con- 
siderably lower peak stress of only approximately 35,000 
psi which is below the yield point of the steel (47,000 
psi). After unloading, high residual stress was retained. 

The stress concentration factors for steel tension test 
bars, provided with 70° notches having various depths 
and a radius of '/;. of the rod diameter at the bottom, 
were determined by Kraechter®” (Fig. 28). (The test 
bar diameter has not been reported.) The peak stress 
increases first, and then again decreases with increasing 
notch depth, approaching a uniform stress distribution 
with a very deep notch. > 
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Fig. 29—Residual Stress at Surface of Various Sections of 
Duralumin Shape Formed from a Tube** 
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Fig. 30—Residual Stresses in Vicinity of Ball Indentation*’ 


While it has been reported that X-ray stress measure- 
ments are carried out in Germany on airplane assemblies, 
no detailed account of such work has been published as 
yet. 


Measurement of Residual Stresses 


Another important application of X-ray stress meas- 
urement is the determination of residual stress intro- 
duced by heat treating or cold working. The residual 
stresses can be determined by numerous methods, most 
of which involve a destruction of the object. For many 
purposes, the determination of the surface stresses only 
should be sufficient. 

The residual stresses retained in bent steel bars (Fig. 
25) and bored and twisted steel rods (Fig. 27) have al- 
ready been discussed. Such residual stresses created by 
overstraining apparently can be determined with high 
accuracy. Residual stress up to 40,000 psi (Fig. 29) 
have been found to be present in commercial duralumin 
shapes formed from tubing.** The stress distribution in 
the vicinity of a Brinell indentation is illustrated in Fig. 
30. A few measurements have also been made regarding 
the stresses present in gun barrels subjected to the auto- 
frettage or expanding process." 

The residual stresses present in heat-treated steels can 
also be determined with a fair accuracy, according to 
Gisen, Glocker and Osswald.** Some divergent results 
which appear to disagree with the precise stress deter- 
minations by the boring method” (Figs. 31 and 32) have 
been explained by the introduction of additional stresses 
at the surface during machining. Machining operations 
of surfaces to be subjected to X-ray measurements must 
be avoided, or a layer of 0.005 to 0.010 in. thick should be 
pickled off the distorted surface.** This effect is prob- 
ably also responsible for the varying results obtained by 
Kurdjumow and collaborators** * regarding the residual 
stresses present at the surface of parts machined from a 
quenched steel bar. 

High residual stresses were found by means of X-rays 
in the surface of hot-rolled steel shapes.* 
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Figs. 31 (Left) and 32 (Right)—Residual Stress on Surface of Steel Rods Bored in Steps, and Effect of Surface 
Treatment on X-ray Measurement?’:** 


A number of X-ray stress measurements have been 
carried out on welded steel parts.'*. %. TTen- 
sion stress up to 40,000 psi. was found at the surface of 
the welded bead, while both high tension and high com- 


pression stress may be present in the parent metal near 
the bead. 


Vibrational Stresses 


The stresses present in test specimens subjected to 
repeated torsion have been determined by means of a 
synchronously rotating screen system. Tests on steel 
and duralumin bars provided with a _ transverse 
bore". 4, 53, $4, 6 show that the peak stress remains un- 
changed up to the stress which develops a fatigue crack. 
After the appearance of cracks, the stress peak is re- 
duced; residual stress is retained after unloading. A 
few additional tests have been made on steel bars, sub- 
jected to repeated bending and tension-compression 
stresses. 
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AMERICAN SOCIETY FOR TESTING 
MATERIALS ANNOUNCES MEDALISTS 


The authors of three outstanding techni- 
cal papers presented at A.S.T.M. meetings 
or published by the Society were recog- 
nized at the A.S.T.M. Annual Meeting in 
Buffalo, June 24 to 28. 

The coveted Charles B. Dudley Medal, 
recognizing a paper of outstanding merit 
constituting an original contribution on 
research in engineering materials, which 
medal was established in 1925, was 
awarded to H. R. Copson, Research 
Chemist, Research Laboratories, The 
International Nickel Co., Inc., Bayonne, 
N. J., for his 1945 paper on “A Theory of 
the Mechanism of Rusting of Low Alloy 
Steels in the Atmosphere.’”’ This medal 
commemorates the name of the Society’s 
first president who was an outstanding re- 
search leaders and did so much to promote 
knowledge of materials through the Soci- 
ety. 

While it is announced that R. C. Brum- 
field, Department of Mechanical Engineer- 
ing, California Institute of Technology, is 
to receive the first Richard L. Templin 
Award, the actual presentation is to be 
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made in Los Angeles at a later meeting of 
the A.S.T.M. District there. This award, 
the purpose of which is to stimulate re- 
search in the development of testing meth- 
ods and apparatus, to encourage the pre- 
sentation to the Society of papers describ- 
ing new and useful testing procedures and 
apparatus, and to recognize meritorious 
efforts of this kind, was given to Mr. 
Brumfield for his paper in the 1945 Pro- 
ceedings covering ‘“‘A Sulfur Print Method 
for the Study of Crack Growth in the 
Corrosion -Fatigue Metals.” 

The third medal, sponsored by the 
Society’s Committee C-9 on Concrete and 
Concrete Aggregates is the Sanford E. 
Thompson Award recognizing the author 
of a paper of outstanding merit on concrete 
and concrete aggregates presented at an 
A.S.T.M. meeting. This year it was 
awarded to C. W. Muhlenbruch, Associate 
Professor of Civil Engineering, Carnegie 
Institute of Technology for his paper on 
“The Effect of Repeated Loading on the 
Bond Strength of Concrete,’’ published in 
the 1945 A.S.T.M. Proceedings. 
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BOOK ON THE METALLURGY OF 
STEEL CASTINGS 


The Metallurgy of Steel Castings, by 
Charles Willers Briggs, Technical and Re- 
search Director, Steel Founders’ Society 
of America. Price $6.50. McGraw-Hill 
Metallurgy and Metallurgical Engineering 
Series. 

A single source reference of detailed in- 
formation on technical and metallurgical 
control in steel casting production, provid- 
ing technical and operating men, workers, 
apprentices in the industry, buyers of steel 
castings, design engineers, metallurgists of 
other industries and students with a con- 
cise understanding of the manufacture o! 
highest quality steel castings. Contains 
an account of recent research, such as the 
analysis of freezing by directional solidifi- 
cation on rates of freezing. Correlates the 
problem of the casting of steel with the 
methods of manufacture of steel, and con- 
siders in addition such related subjects as 
gases, deoxidation and inclusions, tapping 
and pouring, properties of liquid cast steel, 
solidification, gates and risers, hot-tear 
information, welding of steel castings, and 
so on. 
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The Spot Welding of Multiple 
Thicknesses of 0.040-In 
Alclad 24 S-T 


By W. F. Hess,t R. A. Wyantt and F. J. Winsort 


Summary 


HIS study of the spot welding of multiple thick- 
nesses of 0.040-in. Alclad 24S-T is another in a 


series of research investigations of the spot weld- 
ing of aluminum alloys being conducted at the Rens- 
selaer Polytechnic Institute Welding Laboratory. 

As a result of this work it may be stated that the spot 
welding of four thicknesses of 0.040-in. Alclad 24S-T 
should be carried out commercially only under very care- 
fully controlled conditions. In a four-thickness joint, 
spot welds of adequate shear strength with freedom from 
such defects as cracks, expulsion and excessive sheet 
separation can be produced only over a very narrow 
range in welding current. Using optimum welding 


conditions, spot welds of good quality in four thicknesses 
of 0.040-in. Alclad 24S-T may be produced over a cur- 


rent range of only 3000 amps. The corresponding cur- 
rent range for two thicknesses of this material, using 
optimum welding conditions, is approximately 15,000 
amps. 

The joining of five thicknesses of 0.040-in. Alclad 
24S-T is not feasible using present methods of spot weld- 
ing. It is extremely difficult to produce any fusion at 
the outside interfaces because of the rapidity with which 
heat is extracted by the electrode tips, and when such 
fusion is obtained it is done so only at the expense of 
considerable expulsion at the center interface. 

Four-thickness, spot-welded joints should be de- 
signed with great care with regard to the position of the 
stressed sheets in the joint. The results of this investi- 
gation reveal that preferably only adjacent sheets should 
be stressed and if possible those at the center of the joint. 
The stressing of other than adjacent sheets should be 
avoided since the eccentricity of the loading increases 
the tension component of stress on the weld. This 
decreases the allowable load which the joint may carry, 
since spot welds are considerably weaker in tension than 
in shear. Stress should be applied to the center sheets 
in preference to the outer sheets because the diameter of 
the weld at the center is almost invariably larger and 
more consistent than the diameter at the outside inter- 
faces. 

Short circuiting of welding current through adjacent 
spots in a row of welds in four thicknesses of 0.040-in. 
Alclad 24S-T is effective in reducing the weld diameter 
when the spot spacing is less than approximately 1'/, in. 
_ +t This is the seventeenth of a series of reports prepared by the R.P.I. Weld- 
ing Laboratory research staff on spot-welding problems, equipment and tech- 
mique. This investigation is under the joint auspices of the N.A.C.A., the 
Army Air Corps and the Navy Bureau of Aeronautics in cooperation with the 
Resistance Welding Committee of the Welding Research Council. Other 


re $ will be issued from time to time as the work progresses in order to 
tpl. the information to the aircraft industry as rapidly as possible. August 


t Welding Lab., Rensselaer Polytechnic Institute, Troy, N. Y. 


Too small a spot spacing may, in many instances, even 
result in a complete lack of fusion at the outer interfaces 
of the joint. With spot spacings less than 1'/» in., 
therefore, care should be taken to insure that machine 
settings are not based on the results of single-spot test 
specimens which have been welded individually. 


Introduction 


The use of spot welding as a method of fabrication of 
aluminum alloys has been confined chiefly to joints in- 
volving two sheets, and in some cases, three sheets of © 
material, both in similar and dissimilar thickness com- 
binations. A research project completed in 1942 at the 
Lockheed Aircraft Corp. on the spot welding of three 
equal thicknesses of Alclad 24S-T' indicates that spot 
welding may be employed advantageously in the joining 
of such combinations. The purpose of the present in- 
vestigation was to determine the feasibility of employing 
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Table 1—Trial Welding Conditions for Four Thicknesses of 
0.040-In. Alclad 42S-T 


Specimen Specimen Strength, 
No. Type Lb. Weld Defects 
la A 420 Slight expulsion 
b 480 None 
c 410 None 
Av. 437 
2a B 420 None 
b ‘ 350 Expulsion, porosity 
480 None 
Av. 417 
8a Cc 400 None 
b 390 None 
320 None 
Av. 370 
4a D 370 Expulsion, porosity 
b 270 Expulsion, porosity 
c 320 Expulsion, porosity 
Av. 320 
5a 3-spot strip None 


Welding Conditions: 
4-in. radius dome tips 
Electrode force: 600 Ib. (weld), 1800 Ib. (forge) 
Forge time delay: 40 millisec. 
Turns ratio: 300:1 
Condenser capacitance: 960 microfarads 
Condenser voltage: 1550 


Remarks: 


No excessive sheet separation on this series 
Eccentric Specimens C and D in this series were not clamped 
to restrict rotation 


spot welding as a means of joining four and five sheets 
of material. In this work only the spot welding of equal 
thickness combinations of 0.040-in. Alclad 24S-T has 
been studied. It was considered advisable to limit 
such preliminary work to equal thickness combinations 
because of the multiplicity of dissimilar thickness com- 
binations which are possible, each involving a distinct 
problem in heat balance which may or may not in- 
crease the difficulty of welding. 

Where possible in this study the weldability of each 
particular multiple-thickness combination was investi- 
gated by determining its strength-current characteris- 
tics. Several types of specimens were devised to permit 
the determination of the extent of fusion at each inter- 
face of the joint, and also to permit the determination 
of the effect of eccentric loading on the strength of the 
joint. 


Welding Equipment 


The welding was performed with a Taylor-Winfield 
Hi-Wave condenser-discharge welder, type HWRD-36- 
3CCIT. This machine is equipped with a variable elec- 
trode force system,* having an electrode force capacity of 
5000 Ib. The throat dimensions of the machine are 
approximately 36 in., measured from the face of the 
transformer to the center line of the electrode holders, 
by 11'/, in., measured between the center lines of the 
horns and including an electric strain gage. 


Surface Preparation Prior to Spot We!ding 


The material for this investigation was prepared for 
spot welding by a chemical method of surface treatment. 
The stock was first wiped with acetone to remove paint 
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and heavy oil or grease. Remaining oil films were re. 
moved by a 20-sec. degreasing treatment in trichloro. 
ethylene vapor. The clean stock was then treated for 
8 min. in a solution of hydrofluosilicic acid, H.SiF, (No. 
14 solution, 3% by volume, see reference 4) at a tempera- 
ture of 75° F. The stock was then thoroughly rinsed jn 
cold distilled water and dried in an air blast. This 
method of chemical surface treatment results in surfaces 
having extremely low and consistent resistances. 


Types of Specimens 


The shear specimens used in the investigation of the 
four-thickness combination are illustrated in Fig. 1. 
These specimens permitted the determination of the 
shear strength of the weld at the interface of any two 
adjacent sheets and also the effect-of eccentric loadings 
on the strength of the joint. Specimen Type A permit- 
ted the determination of the single shear strength of the 
weld at the outside interfaces, while with Specimen D the 
shear strength at the center interfaces was measured. 
Specimen Types B and C enabled the determination of 
the effect of eccentric loadings on the strengths of the 
joints. In these specimens the spot welds were sub- 
jected to combined shear and tension components of 
stress. In Specimen B the outside and opposite center 
sheets were stressed, while in Specimen C both outside 
sheets were stressed. 

In Specimen Types B and C the interior unstressed 
scabs were made of sufficient length to permit the attach- 
ment of hose clamps across the stressed sheet and the 
adjacent unstressed scab, as shown in Fig. 1. The hose 
clamps were clamped very loosely, allowing lateral move- 
ment of each stressed sheet with respect to the adjacent 
unstressed scabs, but restricting somewhat the tendency 
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for the specimen to rotate until the stressed sheets come 
into alignment. This procedure reduces the tension 
component of force on the outside welds to some extent, 
more nearly approaching an actual condition in a four- 


Specimen Specimen Strength, 
No. Type Volts Lb. Defects 
7a A 2100 560 None 
b 430 Slight expulsion 
c 520 None 
Av. 503 
Sa B 2100 640 None 
b 670 None 
c 690 None 
Av. 667 
9a Cc 2100 340 None 
b 500 None 
c 450 None 
Av. 430 
10a D 2100 920 None 
b 720 None 
c 940 None 
Av. 860 
lla 3-spot strip 2100 None 
12a A 20C0 480 None 
b 410 None 
c 410 None 
Av. 433 
13a B 2000 480 None 
b 630 None 
c 270 None 
Av. 460 
14a i 2000 400 None 
b 380 None 
430 None 
Av. 403 
l5a D 2000 760 None 
b 810 None 
c 770 None 
Av. 780 
16a 3-spot strip 2000 
17a A 1900 500 None 
b 580 None 
c 240 None 
Av. 440 
18a B 1900 520 None 
b 350 None 
580 None 
Av. 483 
19a Ne 1900 170 None 
b 210 None 
180 None 
Av. 187 
20a D 1900 660 None 
b 700 None 
c 710 None 
Av. 690 
2la 3-spot strip 1900 None 


Welding Conditions: 
4-in. radius dome tips 
Electrode force: 1200 Ib. (weld), 3000 Ib. (forge) 
Forge time delay: 50 millisec. 
Turns ratio: 450:1. 
Condenser capacitance: 960 microfarads 


Remarks: 


All specimens showed slightly excessive sheet separation between 
center sheets, indicating weld force slightly too high 
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thickness joint where the two center sheets carry a stress 
of lesser magnitude than the outside sheets. This is a 
more probable situation than that in which the center 
sheets are completely unstressed. 

The dimensions of the strip specimens for the investi 
gation of the effect of spot spacing on weld diameter in 
the four-thickness combination were 1 x 10 in. for spac- 
ings from */, to 1'/, in., and */, x 16 in. for spacings 
from 1'/, to 4 in. 

The shear specimens for the five-sheet combination 
are illustrated in Fig. 16. Specimen Types A and C are 
single-shear specimens similar to Types A and D, re- 
spectively, in the four-thickness specimens, with the 
exception that it was found that the use of unstressed 
scabs having a greater area than in the four-thickness 
specimens decreased the sensitivity to expulsion slightly. 
Specimen Type B permitted the determination of the 


effect of maximum eccentricity of loading on the strength 


of the specimen. The scabs adjacent to the stressed 
sheets in specimens of this type were of the same length 
as those in the four-thickness specimens to permit the 
use of hose clamps for the purpose mentioned previously 


Table 3—Effect of Clamping Together _waUEry and Un- 
stressed Sheets to Reduce the Tension Components of 


Stress Under Eccentric Loading; Four Thicknesses, 
0.040-In. Alclad 24S-T 
Specimen Specimen Strength, 

No. Type Restriction Lb. 
6a = Ves 510 

b Yes 520 

c Yes 460 

Av. 497 

6d ts No. 290 

e No 290 

f No 200 

Av. 260 


Welding Conditions: 
4-in. radius dome tips 
Electrode force: 1200 Ib. (weld), 3000 Ib. (forge) 
Forge time delay: 40 millisec. 
Turns ratio: 450:1 
Condenser capacitance: 960 microfarads 
Condenser voltage: 2100 
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Table 2—Strength-Current Characteristic in Four Thick- ee 
nesses of 0.040-In. Alclad 24S-T 
2000 
aa pan 
400 
| 
800 
400 
4 
| 
A 8 Cc 
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STRENGTH CURRENT CHARACTERISTICS 
0.040" ALCLAD 24S-T, 4 THICKNESSES 
ELECTRODE TIPS: 4" R. DOMES 
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Discussion of Results 


The method which was adopted for determining the 
weldability of the multiple-thickness combinations of 
0.040-in. Alclad 24S-T consisted of evaluating the weld- 
ing conditions by means of strength-current characteris- 
tics. Thus for any given set of welding conditions three 
specimens of each type were made at several different 
values of welding current, and where the results were 
significant, the average strength of each type specimen 
was plotted as a function of the current. Where in- 
consistencies in the shear strengths made the results 
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TURNS RATIO = 450:1 

CONDENSER CAP = 960 MFDS. 


800 SHEET SEPARATION SLIGHTLY EXCESSIVE a 

= 
0 


insignificant, the average, maximum and minimum 
values of strength have been plotted on bar graphs only, 


In this investigation the sheet separation was considered 


to be excessive if greater than 10% of the thickness of the 
material being welded, that is, if greater than 0.004 in. in 
this case. 


Trial Welds in Four Thicknesses of 0.040-In. Alclad 24S-.T 


Trial welds were made in the four-thickness combina- 
tion with welding conditions which had been found to be 
suitable for two thicknesses of 0.040-in. Alclad 24S-T. 


These welding conditions and the results of the shear 


tests are listed in Table 1. The test results indicate that 
these welding conditions are far from satisfactory inas- 


Table 4—Effect of Increasing Steepness of Current Wave 


Form 
Specimen Specimen Strength, 
No. Type Volts Lb. Defects 
22a A 2000 580 None 
b 780 None 
c 490 None 
Av. 617 
23a B 2000 390 None 
b 580 Expulsion, porosity 
c 440 Expulsion, porosity 
Av. 470 
24a Cc 2000 460 Expulsion, porosity 
b 390 Expulsion, porosity 
c 250 None 
Av. 367 
25a D 2000 550 Expulsion 
b 360 Expulsion, porosity 
c 540 Expulsion 
Av. 483 
26a 8-spot strip 2000 1 weld expulsion, 
porosity 
27a A 1900 200 None 
b 540 None 
c 670 None 
Av. 470 
28a B 1900 320 None 
b 530 None 
c 410 None 
Av. 420 
29a i 1900 430 None 
b - 370 None 
10 
Av. 270 
30a D 1900 690 None 
b 690 None 
559 None 
Av. 643 
3la 3-spot strip 1900 None 


Welding Conditions: 
4-in. radius dome tips 
Electrode force: 1200 Ib. (weld), 3000 Ib. (forge) 
Forge time delay: 45 millisec. 
Turns ratio: 300:1 
Condenser capacitance: 960 microfarads 


much as the welds were accompanied by considerable ex- 
pulsion. Also the shear strengths of the Type D speci- 
mens, in which the two center sheets were stressed, were 
too low. In an effort to increase the diameter of the 
weld at the center and to eliminate expulsion in a weld o/ 
reasonable size the electrode force was increased consider- 
ably. With these conditions a series of welds in each of 
the four different type specimens was made at three dif- 
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50a D 1900 31,600 820 None 
Table 5—Strength-Current Characteristic in Four Thick- 680 None 
nesses c 730 None 
Speci Strength, Defects 
5la  3-spot strip 1900 31,600 None 
, 52a A 1950 32,250 570 None 
32a A 1700 28,800 340 None b 820 oe 
b 470 None c 720 None 
270 None 
Av. 703 
Av. 360 53a B 1950 32,250 710 None 
33a B 1700 = 28, 800 350 None b 380 None 
b 320 None c ‘ Expulsion, 
c 250 None porosity 
Av. 307 Av. 545 
34a Cc 1700 28,800 190 None Cc 1950 32,250 490 Expulsion, 
b 180 None j porosity 
¢c 230 None Welding Conditions: 
Av. 200 4-in. radius dome tips 
. ‘ Electrode force: 1000 Ib. (weld), 3000 Ib. (forge) 
35a D 1700 28,800 a —_ Forge time delay: 50 millisec. 
b 470 Turns ratio: 450:1 
Condenser capacitance: 960 microfarads 
; Av. 467 Remarks: 
36a 3-spot strip 1700- 800 None No excessive sheet separation on specimens 32-41 
37a A 1800 200 450 None Sheet separation on verge of being excessive on Specimens 42-46 
b 490 None Slightly excessive sheet separation on Specimens 47-54 
38a B 1800 30,200 400 None ferent values of welding current. The welding condi- 
b 530 None tions and test results for these specimens are shown in 
c 500 None Table 2. 
Av. 477 The bar graph in Fig. 2 illustrates graphically the effect 
~~ of varying the welding current upon the average strength 
1800 30,200 and the strength consistency of the welds listed in Table 
. 350 None 2. This chart shows that at 1900 v. the average strengths 
— of the Type A, B and: D specimens were satisfactory, 
Av. 290 while the average strength of Type C was poor. The 
40a D 1800 30,200 570 = =None shear strength consistencies of Specimen Types A and B 
b — pene were far inferior to those of Types C and D, but the num- 
" cand ; ber of specimens tested (3) is too small to be conclusive. 
Av. 550 Raising the voltage to 2000 increased the average strength 
4la 8-spot strip 1800 30,200 — of the Type C and D specimens, and a further increase 
42a A 1850 30,900 550 None in voltage to 2100 raised the average strength of all the 
b 450 None specimen groups. The shear strength consistency of all 
the specimen types was good at the latter int. 
pe yl g po 
Av. 500 
48a B 1850 30,900 540 None 
b 660 None 0.040" ALCLAD 24S-T, 4 THICKNESSES 
430 None 
ELECTRODE TIPS=4" R. DOMES 
Av. 543 ELECTRODE FORCE = 1000 LBS.(WELD),3000 LBS. (FORGE) 
doa + 1850 30,900 240 None FORGE TIMING=5O MS: 
b 350 None TURNS RATIO = 450:1 
¢ 310 CONDENSER CAP = 960 MFDS. 
Av. 300 (200 SEPARATION SLIGHTLY EXCESSIVE 
45a D 1850 30,900 710 None POROSITY 
9 710 None — 
710 None 800 
32.25 
Av. 710 KA 
46a 3-spot strip 1850 30,900 None 
47a A 1900 31,600 600 None x 
b 520 None 3 
75 None 
623 SHEET SEPARATION SLIGHTLY EXCESSIVE 
48a B 1900 31,600 620 None g 600 = — 
b 610 None = pan 31.6 
590 None as a KA 
Av. 607 
49a 1900 31,600 440 None ° 
b 390 None A 3 c 
Av. 423 Fig. 6 


1946 SPOT WELDING MULTIPLE THICKNESSES ALUMINUM 4lT7-s 


Sagi? 
: 


Table 6—Effect of Spot Spacing on Weld Diameter; 


Four Thicknesses Alclad 24S-T, 0.040-In. 


Spot No. of 
Spacing, Welds at Center, In Diameter at Outside, In-——. 
In. Sectioned Av. Max. Min. Range Av. Max. Min. Range 
0.375 4 0.078 0.103 0.057 0.046 0.049 0.127 0 0.127 
0.500 4 0.114 0.128 0.102 0.026 0.088 0.124 0 0.124 
0.750 4 0.121 0.130 0.114 0.016 0.121 0.139 0.103 0.036 
1.00 4 0.132 0.146 0.127 0.019 0.091 0.148 0 0.148 
1.25 4 0.130 0.140 0.118 0.022 0.109 0.153 0.040 0.113 
1.50 5 0.153 0.176 0.129 0.047 0.137 0.167 0.093 0.074 
2.00 4 0.157 0.161 0.152 0.009 0.138 0.173 0.092 0.081 
2.50 3 0.160 0.167 0.149 0.018 0.117 0.137 0.081 0.056 
3.00 2 0.171 0.172 0.169 0.003 0.128 0.139 0.112 0.027 
4.00 2 0.154 0.163 0.145 0.018 0.129 0.078 0.051 


0.113 


It is to be noted that the average strengths of the Type B 
specimens were slightly higher at all voltages than those 
of Type A, even though the former specimens were sub- 
jected to higher tension components of stress. This is 
due to the fact that the diameters of the welds at the 
outside interfaces were considerably less than the diame- 
ters at the center. The strength of the Type A speci- 
men depends only upon the weld diameter at the out- 
side interfaces, while that of Type B depends upon both 
this diameter and that at the center interface. Removal 
of the hose clamp restrictions from the Type B specimens 
to cause an increase in the tension component of stress 
during testing would, however, probably result in these 
specimens having lower values of strength than the 
type A specimens. 


Eccentrically Loaded Specimens 


Before these welds were tested, however, it was con- 
sidered advisable to determine the effect of restricting 
the rotation of the specimens having maximum eccen- 
tricity of loading. Therefore, six Type C specimens 
were made up with welding conditions similar to those 
used for the highest point (Specimens 7-10) of the 


EFFECT OF SPOT SPACING ON WELD DIAMETER 
0.040" ALCLAD 24S-T, 4 THICKNESSES 
o————-O DIAMETER OF WELOS AT CENTER FAYING SURFACES 


O-------0 DIAMETER OF WELDS AT OUTSIDE FAYING SURFACES 
0.18 


0.16 


Ae | 


ou2 


0.10 


WELD DIAMETER— INCHES 


SPOT SPACING - INCHES 


Fig. 7 
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strength-current characteristic shown in Table 2. On 
three of these specimens hose clamps were fastened very 
loosely across each stressed sheet and the adjacent un 
stressed scab. This allowed lateral movement of each 
stressed sheet with respect to the adjacent unstressed 
scab, but restricted somewhat the tendency for the 
specimen to rotate into the plane of the applied stress. 
It is believed that this situation is more probable in a 
four-thickness joint than that in which the center sheets 
are completely unstressed. The remaining three speci- 
mens were not restricted in this manner. The results 
of the tests of these specimens are shown in Table 3, 
indicating that the clamps do increase the strength of 


Fig. 8—Weld Cross Section, '/:-In. Spot Spacing. 15 x 


Fig. 9—Weld Cross Section, 
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the specimen by decreasing the tension component of Fig. 12—Weld Cross Section, 2'/;-In. Spot Spacing. 15 X 
stress at the outer interfaces of the joint. : 

From Table 2 it may be seen that, although the in- 
crease in weld force made it possible to produce welds 
in the four-thickness combination over a small range in 
current, the welds were accompanied by slightly excessive 
sheet separation. This would indicate that either the 
weld force was a little too high or the forge force was 
applied too soon after the peak welding current. Further 
work revealed that delaying the forge force timing still 
further did not decrease the sheet separation appreci- 
ably, and it was therefore decided that it was necessary to 
decrease the weld force slightly. 


Fig. 10—Weld Cross Section, 1'/:-In. Spot Spacing. 15 X 


Fig. 13—Weld Cross Section, 3-In. Spot Spacing. 15 X 


Optimum Welding Conditions 


Since a weld force of 1200 Ib. had been found to be 
slightly high for the spot welding of four thicknesses of 
material, a new series of welds was made with a weld 
force of 1000 Ib., using a turns ratio of 450:1 which had 
proved most desirable. With these conditions it was 
possible to make welds over the voltage range from 
1700 to 1950 v. The welding conditions and test re 
sults for this series of welds are presented in Table 5. 


Fig. 11—Weld Cross Section, 2-In. Spot Spacing. 15 x 


Effect of Current Wave Form 
_ Before changing the electrode force it was decided to 
investigate the effect of increasing the rate of current rise. a Sut yg t 
The transformer turns ratio was, therefore, decreased 
from 450:1 to 300:1, and the forge timing was decreased —_ = =~ *. 
accordingly. These welding conditions and the test a "3 a 
results are indicated in Table 4. It may be seen that the i. “ts. 
more rapid rate of current rise, obtained with the 300:1 — 7 Mod 
turns ratio, is completely undesirable. At 2000 v. the | 


welds were accompanied by considerable expulsion, 
while at 1900 v., a decrease of only 100 v., several of the . z 
welds had inferior strengths and Specimen 29c of the 
Type C group was a dud weld. The bar graphs in 
Figs. 2 and 3 indicate the relative shear strength con- 
sistencies with the two wave forms. Fig. 14—Weld Cross Section, 4-In. Spot Spacing. 15 X 
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of the outside and adjacent sheets js 
slightly less than the diameter at the 
interface of the inner sheets. Also 
the strength consistency of specimens 
in which the weld at the interface of 
the outside and adjacent sheets js 
stressed, i.e., Specimen Types A, RB 
and C, may occasionally be poor. 
The bar graphs, Figs. 5 and 6 show 
the average strengths and strength ° 
ranges obtained with these optimum <2 
welding conditions. In Fig. 5, at a 
welding current of 28.8 kiloamperes 
the strength consistency appears to 
be good, but the average strengths 
are too low, particularly for the B and 
C specimens. Raising the welding 
current to 30.2 kiloamperes increased 
the average strength of all the speci- 
mens, but the consistency of the Type 
C group was poorer than in the case 
of the lower current, indicating the 
occurrence of defective welds is likely 
to be erratic. Increasing the current 
to 30.9 kiloamperes raised the strength 
of the D group, but did not appreci- 
ably affect the strength of the other 
specimens. At this point, however, 
: the sheet separation began to be 
Fig. 15—End Weld Structure at Center Interface of a Spot Weld Made with a Spot slightly excessive. Figure 6 shows 
Spacing of 1'/,In. 100 X that further increases in welding 
current resulted in increased strength 
. The strength-current characteristics for the four types up to the point at which expulsion occurred, all 
oe of specimens are presented in Fig. 4. Examination of welds being accompanied by excessive sheet separa- 


Th 


atl: the data reveals that the weld diameter at the interface tion when made with currents above 30.9 kiloamperes. 
f 
. ; Table 7—Strength-Current Characteristic in Five Thicknesses of 0.040-In. Alclad 24S-T 
Peak 
ty Specimen Specimen Secondary Strength, 
o. Type Volts Current Lb. Defects 
"fe 55a A 2200 39,700 810 None 
Ae b 680 Expulsion 
a, Av. 623 
a 56a B 2200 39,700 0 Expulsion 
ae b 380 Expulsion 
410 Expulsion 
ie Av. 263 
57a c 2200 39,700 920 None 
i b 960 None 
c 340 Expulsion 
Av. 740 
: 58a A 2100 37,600 590 None 
b 780 None 
c 100 Dud 
Av. 490 
59a B 2100 37,600 0 Dud ¢ 
b 270 None : 
c 80 Dud : 
Av. 117 
60a Cc 2100 37,600 670 No fusion through to bottom sheet 
; b 910 No fusion through to top sheet ; 
c 720 None ‘ 
Av. 767 
6la A 2000 35,500 0 Dud 


2% Welding Conditions: 

4-in. radius dome tips 

Electrode force: 1600 Ib. (weld), 3000 Ib. (forge) 
Forge time delay: 65 millisec. 

Turns ratio: 450:1 

Condenser capacitance: 1200 microfarads 
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The difficulty of employing a weld 
force of sufficient magnitude to enable 
the production of welds of adequate 
size without expulsion and at the same 
time with freedom from excessive 
sheet separation is one of the major 
problems in spot welding more than 
three thicknesses of Alclad 24S-T. 


Short circuiting of Welding Current in 
Multiple-T hickness Joints 


One of the difficulties encountered 
in the spot welding of four sheets of 
0.040-in. Alclad 24S-T had to do with 
the proximity effect or short circuit- 
ing due to adjacent spots in a strip of 
welds. It was discovered that, while 
a certain set of welding conditions 
would produce a satisfactory spot 
weld in a single-spot test specimen, 
attempts to use these conditions to 
place a row of welds in a strip speci- 
men with the same spot spacing 
ordinarily used for welding two thick- 
nesses, i.e., */, in., met with failure. 
The diameter of the weld at the outer 

interfaces was usually small and ex- 
TYPE C tremely erratic, and in some cases 
there was a complete lack of fusion. 
It was considered advisable, therefore, 
to investigate the effect of spot 
spacing on the diameter of the welds 
at each interface in the four-thick- 
ness combination. Using the same 
welding conditions as those indicated 
in Table 5, and making all welds at 
1850 v., strips of welds were run with 
spot spacings of */s, */4, 1, 1"/4, 
1'/s, 2, 2'/2, 3and4in. Table 6 lists 
the average diameters of the welds 
between the center sheets and be- 
tween the outside and adjacent sheets, 


Fig. 16 5 Thickness Specimens together with the maximum and mini- 
0.040" ALCLAD 24S-T, 5 THICKNESSES 0.040" ALCLAD 24S-T, 5 THICKNESSES | 
ELECTRODE TIPS = 4" R. DOMES ELECTRODE TIPS: 4" R. DOMES | 
ELECTRODE FORCE= 1600 LBS. (WELD), 3000 LBS (FORGE) ELECTRODE FORCE = 1800 LBS.(WELD), 3000 LBS. (FORGE) 
FORGE TIMING = 65 MS, FORGE TIMING = 65 MS. 
TURNS RATIO= 450:! CONDENSER GAP = 1200 MFDS. | 
CONDENSER CAP = (200 MFDS. SPECIMEN TYPE A | 
1200 1200 — 
EXPULSION | 
800 a 800 : 
39.7 
4 4 
s 
x 
3 
z 0 
a 
KA w 
400 400 = 
A 8 Cc ug 2200 2300 2400 
SPECIMEN TYPE CONDENSER VOLTAGE 
Fig. 17 Fig. 18 
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mum values measured in each case. The average diam- 
eter measurements are plotted in Fig. 7. As observed 
previously from the shear test results, the weld diameter 
at the outside interfaces is smaller and tends to be con- 
siderably more inconsistent than the diameter at the 
center. From the curve of Fig. 7 it is evident that the 
effect of short circuiting in decreasing the weld diameter 
is most pronounced in spot spacings of less than 1/, in. 
in the four-thickness combination. 

In Figs. 8 through 15 are shown typical photomicro- 
graphs of spot welds in four thicknesses of 0.040-in. Al- 
clad 24S-T made under the same welding conditions and 
with different spot spacings. Figure 8 shows the micro- 
structure at 15 X of a spot weld made with a spot spac- 
ing of 1/2 in. The diameter of the weld at each of the 
three interfaces is observed to be small, and the protru- 
sion of cladding into the weld nugget at the lower inter- 
face is extensive. Figure 9, also at 15 X, shows a weld 
made with a spot spacing of 1 in. The weld diameter 
at each interface in this case is larger than that of Fig. 8, 
and the diameter at the center is considerably larger than 
at the outside interfaces. Here agairi the protrusion of 
cladding into the weld nugget at the lower interface is 
quite extensive. Figure 10, for a 1'/:-in. spot spacing, 
shows larger weld diameters at each interface than in the 
preceding pictures, and the protrusion of cladding into 
the weld nugget at the lower interface is observed to be 
less. Figure 11, 2-in. spot spacing, shows an ideal spot 
weld in four thicknesses of material as far as symmetry, 
penetration of fusion and lack of porosity or cracks are 
concerned. Figure 12, 2'/:-in. spot spacing, gives an 
indication of the erratic results that.may be expected in 
spot welding four thicknesses of material. The weld 
diameter at the center interface is considerably larger 
than at either of the outside interfaces, and the pene- 
tration of fusion into the outside sheets is not as uniform 
as in the case of the weld shown in Fig. 11. Figure 13, 


3-in. spacing, again shows a lack of symmetry. Fo; 
some unknown reason, in this weld the heat was drawn 
to the upper side of the joint as evidenced by the much 
smaller protrusion of cladding at this interface as com. 
pared with the others. The penetration of fusion into 
the lower outside sheet is not as uniform as is desirable. 
Figure 14, 4-in. spacing, shows a weld having somewhat 
better symmetry than the two preceding pictures, but 
it is still inferior to the weld shown in Fig. 11. The 
protrusion of cladding into the nugget from the left at 
the lower interface reduces the effective weld diameter 
there considerably. Figure 15, 100 X, shows the end- 
weld structure at the center interface of the weld shown 
in Fig. 10. The dendritic equiaxed and columnar zones 
of the weld nugget surrounded by a zone of incipient 
fusion and overaging are similar to those observed in a 
spot weld in two thicknesses of Alclad 24S-T. 


Trial Welds in Five Thicknesses of 0.040-In. Alclad 24S-T 


In the preliminary attempts at welding five equal 
thicknesses of 0.040-in. Alclad 24S-T it was soon dis- 
covered that the */,- X */,-inch unstressed scabs which 
were used in the four-thickness specimens were too 
small for the five-thickness combination. By using 
standard */,- X 4-in. pieces and placing them at right 
angles to the stressed sheets it was found that the occur- 
rence of expulsion could be decreased somewhat, al- 
though not appreciably. The types of specimens in five 
thicknesses of material are illustrated in Fig. 16. 

The conditions selected for trial welds in the five- 
thickness combination and the shear strength results 
obtained are shown in Table 7 and the bar graph, Fig. 
17. At 2200 v. the welds were accompanied by con- 
siderable expulsion, and the shear strength values for 
each type specimen were very erratic. Decreasing the 
voltage to 2100 eliminated most of the expulsion, but dud 
welds appeared frequently. Because of the critical ef- 


Table 8—Effect of Wave Forrn on Spot Welding Five Thicknesses of 0.040-In. Alclad 24S-T 


Specimen Specimen Turns Strength, 
No. Type Volts Ratio Lb. Defects 
62a A 2400 300:1 820 Expulsion 
b 320 Expulsion 
¢ 890 Expulsion—2 outside sheets not welded 
Av. 677 
63a A 2300 300:1 710 Center sheet not welded to outside 
b 986 1 outside sheet not welded 
c 370 Dud 
Av. 687 
64a A 2200 300:1 210 Dud 
b 410 1 outside sheet not welded 
c 0 Dud 
Av. 207 
65a A 2400 450:1 950 Expulsion 
b 770 Expulsion 
c 750 Expulsion 
Av. 823 
66a A 2300 450:1 820 None 
b 750 None 
c 680 None 
Av. 7 
67a A 2200 450:1 300 Dud 
b 720 None 
c ‘0 Dud 
Av. 340 
Welding Conditions: 
4-in. radius dome tips 
Electrode force: 1800 Ibs. (weld), 3000 Ib. (forge) 
Forge time delay: 65 millisec. 
Condenser capacitance: 1200 microfarads 
422-s WELDING RESEARCH SUPPLEMENT JULY 
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fect of such a small change in welding current upon the 
quality of the welds, these conditions were considered 


unsatisfactory. Increasing the weld force from 1600 to 
1800 Ib. improved the weld quality slightly, as evidenced 
by the shear strength results of the Type A specimens in 
Table 8. The current range was still too narrow to per- 
mit these welding conditions to be of much practical 
value, however. Attempts to improve these conditions 
further by decreasing the turns ratio from 450: 1 to 300: 1, 
thus increasing the average rate of current rise, were 
unsatisfactory as a comparison of the strength results in 
Table 8 and the bar graph, Fig. 18, indicates. 


Investigation of Preheat 


In an attempt to reduce the tendency for expulsion at 
the interfaces of the center sheets and increase the ex- 
tent of fusion in the outer sheets in the five-thickness 
combination, a crude form of preheat was tried. This 
preheat consisted of a condenser discharge which was 
just insufficient to cause sticking of the center sheets, 
the preheat being followed as soon as possible by a con- 
denser discharge of sufficient magnitude to weld the 
sheets. The theory behind this procedure was that by 
passing a low current through the sheets, the faying sur- 
faces of the center sheets could be forced into more inti- 
mate contact thus lowering the sheet-to-sheet resistance 
at these interfaces. The heat would be conducted 
away from the outside surfaces so rapidly as not to al- 
low any more intimate contact and cause any appreciable 
change in resistance. The time required to raise the 
condenser voltage manually from the value used for 
preheating to that required for welding, however, was 
sufficient to allow conduction to destroy this desirable 
distribution of heat. When the welding current was 


finally passed, expulsion still occurred at the center fay-, 


ing surfaces while the outer sheets were not welded. 
A more refined preheat treatment, employing a current 
wave form such that the welding current discharge com- 
mences as soon as the preheat current has trailed off 
and before the center sheets have been allowed to cool, 
might prove advantageous in this problem. However, 
it might be expected that the increase in temperature at 
the center of the combination would raise the body re- 
sistance commensurately to the decrease in sheet-to- 
sheet resistance, and the over-all effect would not cause 
much improvement in the weldability. In other words, 
a preheat cycle might work to advantage in decreasing 
expulsion at the center faying surfaces, but it is doubt- 
ful if it could do much to alleviate the unfavorable heat 
balance existing between the center and outside inter- 
faces. It is inconceivable that any procedure for delay- 
ing the rate of heating at the center interfaces would af- 


Table 9—Effect of Preheat on Spot Welding of Five Thick- 
nesses of 0.040-In. Alclad 24S-T 


Specimen Preheat, Welding, Strength, 
No. V V. Lb. Defects 
68a 2200 2600 60 Dud 
b 0 Dud 
c 0 Dud 
Av. 20 
69a 2200 2700 220 Dud 
b 590 None 
c 50 Dud 
Av. 287 
70a 2200 2800 130 Dud 
b 0 Dud 
c 100 Dud 
Av. 77 
7la 2200 2900 200 Dud 
b 120 Dud 
c 300 Dud 
Av. 207 


Welding Conditions: 
4-in. radius dome tips 
Electrode force: 1800 Ib. (weld), 3000 Ib. 
Forge time delay: 65 millisec. 

Turns ratio: 300:1 
Condenser capacitance: 


(forge) 


1200 microfarads 
Remarks: 


Preheat series in which initial condenser discharge of 2200 v. 
was insufficient to weld outer sheets 

Welding voltage at 2500 v.—no weld on outer sheets 

Welding voltage at 2975 v.—expulsion 

All specimens Type A 


fect an appreciable reduction in the cooling rate at the 
outside interfaces since’ most of the heat loss is to the 
electrode tips and not to the sheets. 

Table 9 shows the results obtained using a preheat 
voltage of 2200 and varying the welding voltage from 
2600 to 2900. The effects of decreasing the preheat volt- 
age and varying the rate of current rise are shown in 
Table 10. From the latter data it may be seen that the 
higher turns ratio, or slower rate of rise, is more favorable, 
since there is a wider range in welding current over which 
a reasonable degree of fusion at the center sheets may 
occur than in the case with the steeper wave form. 


General Discussion of Spot Welding of Multiple 
Thicknesses of Aluminum Alloys 


There are two factors which lead to difficulty in 
securing the proper balance of heat to insure uniform 


Table 10—Effect of Preheat on Spot Welding of Five Thicknesses of 0.040-In. Alclad 24S-T 


Specimen Preheat, Welding, Turns 
No. V. V. Ratio 
72 1600 cha’ 300:1 
73 1600 2600 300: 1 
74 1600 2700 300:1 
75 1300 450: 1 
76 1300 2300 450:1 
77 1300 2400 450:1 
78 1300 2500 450:1 
79 1300 2600 450:1 
80 1300 2700 450:1 


Welding Conditions: 
4-in. radius dome tips 
Electrode force: 1800 Ib. (weld), 3000 Ib. (forge) 
Forge time delay: 65 millisec. 
Condenser-capacitance: 1200 microfarads 
Remarks: 


These were all strip specimens 


Defects 
No fusion at any surface 
Fusion starts at faying surfaces of inner sheets 
Violent expulsion at center faying surfaces 
No fusion at any surface 
Fusion at center—none at outside 
Fusion at center—none at outside 
Fusion at center—none at outside 
Fusion at center—none at outside 
Expulsion at center faying surfaces—no fusion on outside surfaces 
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fusion at each interface of a four- or five-thickness joint 
in Alclad 24S-T aluminum alloy. One of these is the 
large amount of pure aluminum cladding, having a con- 
siderahly higher melting point than the base alloy, which 
must be melted at each interface. The other is the rapid- 
ity with which heat is withdrawn from the outside inter- 
faces to the electrodes. The large amount of cladding 
in a multiple-thickness joint also increases the sensitivity 
of this alloy to sheet separation during the welding 
process. 

Certain multiple, dissimilar thickness combinations of 
Alclad 24S-T or of other alloys, and multiple, equal thick- 
ness combinations of other alloys may be found to be 
more adaptable to spot welding than four or five equal 
thicknesses of Alclad 24S-T. However, it will undoubt- 
edly be found that in the spot welding of multiple thick- 
nesses of aluminum alloys, each dissimilar thickness or 
diss milar alloy combination will have its own problems, 
and each particular job will be highly specialized. In- 
telligent design of joints involving multiple thicknesses 
based upon a consideration of the thermal and electrical 
conductivities and possibly the hardnesses of the com- 
ponents of the joint, may, therefore, permit the use of 
spot welding as a means of fabrication. Further re- 
search is warranted on the spot welding of certain dis- 
similar thickness and dissimilar alloy combinations in 
multiple thicknesses, according to practical recommenda- 
tions from the aircraft industry. 

All welds in this investigation were made with dome 
tips of similar contour on each side of the joint. It is 
believed that the spot welding of multiple, equal thick- 
nesses of Alclad 24S-T will be made vastly more dif- 
ficult by attempting to use dome-to-flat tip combina- 
tions. This is because the fusion will always tend to be 
drawn toward the dome tip side. That such does occur 
is amply illustrated by the shear test results and the 
photomicrographs of the spot welds made in the Lock- 
heed investigation of the spot welding of three equal 
thicknesses of Alclad 24S-T.' The rapid extraction of 
heat from the outside interfaces of four- and five-thick- 
ness joints, even when two domes are used, is sufficient 
to reduce the fusion and the consistency with which it 
takes place, enough so, in fact, to make the spot welding 
of five thicknesses impractical. By replacing one of the 
dome tips with a flat tip it is highly probable that no 
fusion will take place at the interface between the outer 
and adjacent sheets nearer the flat tip in either the four- 
or five-thickness combination. Where smooth surfaces 
are required, they may be obtained by using two large 
radius dome tips, although probably at the expense of 
introducing cracks in the welds unless sufficient electrode 
force capacity is available to eliminate them. 


Conclusions 


The following conclusions are based upon the results of 
this investigation: 


1. The spot welding of four thicknesses of 0.040 jn. 
Alclad 24S-T is commercially feasible only under very 
carefully controlled conditions. 

2. The current range over which spot welds in foyr 
thicknesses may be produced, having adequate shear 
strength with freedom from cracks, expulsion and ex. 
cessive sheet separation, is extremely narrow. 

3. The shear strength consistency of the welds at the 
outer interfaces of a four-thickness joint is likely to be 
poor. 

4.. A major problem in the spot welding of four or five 
equal thicknesses of Alclad 24S-T lies in excessive sheet 
separation due to the large amount of soft cladding 
which is present. The use of a weld force of sufficient 
magnitude to produce spot welds free from expulsion 
over a reasonably wide current range is prevented by the 
occurrence of excessive sheet separation. 

5. Spot-welded joints in four equal thicknesses of ma- 
terial should be designed so that preferably only ad- 
jacent sheets and, if possible, the two inner sheets should 
be highly stressed. The stressing of adjacent sheets 
only, keeps the tension component of stress as low as 
possible. The preference for stressing the two inner 
sheets lies in the fact that the weld diameter at the 
center of a four-thickness joint is almost invariably larger 
and more consistent than the weld diameter at the outside 
interfaces. 

6. Short circuiting of welding current through ad- 
jacent spots in a row of welds in four thicknesses of 
0.040-in. Alclad 24S-T is effective in reducing the weld 
diameter when the spot spacing is less than approxi- 
mately 1'/, in. Too small a spot spacing may, in many 
instances, even result in a complete lack of fusion at the 
outer interfaces of the joint. With spot spacings less 
than 1'/, in., therefore, care should be taken to see that 


‘machine settings are not based on the results of single- 


spot test specimens which have been welded individu- 
ally. 
7. The joining of five thicknesses of 0.040-in. Alclad 
24S-T is not feasible using present methods of spot weld- 
ing. 

8. Further research on the spot welding of certain 
dissimilar alloy and dissimilar thickness combinations 
in multiple thicknesses, according to practical recom- 
mendations of the aircraft industry, is highly desirable. 
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Effect of Metallurgical Changes Due to 
Welding Upon the Fatigue Strength of 
Carbon-Steel Plates 


Progress Report No. 1 


1. Description of Specimens 


HE object of the tests was to determine the effect 

of metallurgical changes due to welding upon the 

fatigue strength of carbon-steel plates. The shape 
of the specimens and the finish of the parallel surfaces 
are shown in Fig. 1. The series included the following 
types of specimens: 

* Progress Reports Nos. 1 and 3 of the Subcommittee on Metallurgical 
Effects of Welding Upon Fatigue in the Absence of Mechanical Stress Raisers. 

Tests for Progress Reports Nos. 1 and 3 were made at the University of 
Illinois, in the Engineering Experiment Station, of which Dean M. L. Enger is 
the Director. The tests were financed in part by the Public Roads Adminis- 
tration, of which Thomas H. MacDonald is Commissioner. For the tests 
described in Progress Report No. 1 the Chicago Bridge and Iron Co. furnished, 
through arrangement with H. C. Boardman, Director of Research, the steel 
plate and arc welding and specimen preparation, exclusive of final machining. 
For the tests described in Progress Report No. 3 the Carnegie-Illinois Steel Co. 
furnished, through arrangement with L. C. Bibber, welding engineer, the steel 
plate and all welding necessary for specimen preparation. 

The fatigue tests for Progress Report No. 1 were conducted by Professor W. 
M. Wilson, assisted by J. A. Duberg, special research graduate assistant, and 
the metallurgical investigation was conducted by Research Assistant Professor 
W. H. Bruckner, assisted by H. C. Beede, special research graduate assistant. 
The tests for Progress Report No. 3 were made under the general supervision 
of Professor W. M. Wilson and were conducted by W. H. Bruckner, A. M. 
Ozelsel and J. S. Caldwell. 

The reports have been submitted by the subcommittee consisting of: L. 
Bibber, Chairman, E. H. Davidson, S. Epstein, W. B. Farnsworth, A. 
Kinzel, N. W. Morgan, G. A. Reinhardt, W. M. Wilson, Adviser and W. 
Bruckner, Secretary. 


Schedule of Tests to Determine Effect of Metallurgical Changes Due 
to Welding Upon Fatigue Strength of Carbon-Steel Plates 


PLAIN PLATE WITH BEAD ON OWE 
MILL SCALE ON 


AND BEAD OFF 


5 
6 
2! 


TESTED ON CYCLES 0 TO 45.000 LB. PER SQ IN 


ME CUT AND MACHINE 4” 
Sketch of Specimens 
Fig. 1—Details of Specimens 


Table 1—Physical Properties of Plate Material 
All Welded Specimens Failed 2 In. or More from Weld 


Yield Ultimate 

Point, Strength, Elongation 
Psi. Psi. in 8In., % 
Plate Without Weld—Mill Scale On 

37,700 66,700 30.0 48. 

36,100 65,300 31.0 48. 

36,900 66,000 30.5 48. 


Bead on One Side—Machined Off— Mill Scale On 
C2 37,700 69,800 21.4 47. 
C3 38,700 68,700 23.2 45.; 
Av. 38,200 69,250 22.3 46. 
Bead on Both Sides—Machined Off-—Mill Scale On 
C4 38,000 67,400 19.4 43. 
C5 37,400 68,000 21.3 45. 
Av. 37,700 67,7 20.4 44 


Reduction 
of Area, 


Plate without weld: 
Mill scale on 
Mill scale machined off and surfaces polished 


Plate with transverse weld bead on one side: 
Mill scale and bead on 
Mill scale on and bead machined off flush with base 
plate 
Mill scale and bead machined off and surfaces 
polished 


Plate with transverse weld beads on both sides: 
Mill scale and bead on 
Mill scale on and bead machined off flush with base 
plate 
Mill scale and bead machined off and surfaces 
polished 


All specimens were cut from the same parent plate, the 
location of the individual specimens having been as 
indicated in Fig. 2. 

The composition of the plate material as determined 
by a check analysis was as follows: carbon 0.276, 
manganese 0.476, silicon 0.001, phosphorus 0.011 and 
sulphur 0.023. The physical properties of the plate 
material were determined from static tests of control 
specimens, Cl to C6, whose location in the parent plate 
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Spec. 
No. 
Cl 
C6 ~ 
Av. 5 
WITH BEAD ON BOTH SIDE: 
MILL SCALE; MILL SCALE ON 
Bean | [AND BEAD AND 
| ON | OFF | ON | OFF ON |OFF| BEAD OFF 
ALL 
© 
: 
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DIRECTION of ROLLING 


Spec. 
No. 
| 4@ 2’-8" = /0’-8" 
D ON NEAR SIDE ONLY) (BEADS ON NEAR AND FAR SIDES. 
nN 
| 
N 
| p i 
| 22 
J FLAME CUT WITH MECHANICALLY-GUIDED TORCH AFTER is sh 
BEAD IS LAID ANDO NUMBERS ARE STAMPED ON SPECIMENS. a 
STAMP NUMBERS NEAR ENDS OF SPECIMENS. bes 
Fig. 2—-Location of Specimens in Parent Plate 
Specimens for Fatigue Tests 
For all beads: width, */, in., penetration, */1 in., height above base plate, 1/15 to 1/s in. 
Material and welding to comply with A.W.S. Specifications for Welded Bridges. Carbon content: 0.25 + F 
0.05. the 
bei 
the 
| 
far 
the 
Ina 
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off 
bes 
am 
fai 
res 
em 
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for 
ex 
ba 
in 
A 
fo 
ar 
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: Fig. 4—Location and Character of Fractures. Specimens a 
Fig. 3—Location and Character of Fractures. S ens with a Bead on One Side. Bead Machined Flush with! Base 
with a Bead on One Side. In the As-Welded sduion Plate oa 


Macrographs half size, fractures full size. Macrographs half size, fractures full size. i 
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Table 2—Results of Fatigue Tests 


All Specimens Tested on a Cycle in Which the Stress Varied from 0 to 45,000 Psi. 


No. of ; 

Spec. Cyclesat Location of 
No. Failure Fracture 
-— Mill Scale On 

3 390,700 At end of fillet 
17 296,800 Between fillets 
24 333,300 At end of fillet 
Av. 340,300 


———-Mill Scale and Bead On—-—. 
4 109,300 At edge of bead 
8 87,900 At edge of bead 


Av. 98,600 


———- Mill Scale and Beads On————. 


No. of 
Spec. Cycles at Location of 
No. Failure Fracture 


PLaTe WITHOUT WELD 


TRANSVERSE BEAD ON ONE SIDE 


——-Mill Scale On and Bead Off 
5 219,800 At edge of bead 
6 83,300 In bead 
21 148,900 At edge of bead 


Av. 150,800 


TRANSVERSE BEAD ON BOTH SIDES 
——Mill Scale On and Beads Off 


No. of 
Spec. Cycles at Location of 
No. Failure Fracture 


Mill Scale Off 


—__ 


2 451,700 At end of fillet 
16 233,400 At end of fillet 
18 588,400 At end of fillet 
19 185,800 At end of fillet 

Av. 364,800 


——Mill Scale and Bead Off-— 


7 456,500 At end of fillet 
9 56,400 In bead 
20 292,900 Atedge of bead 
Av. 268,600 


—Mill Scale and Beads Off— 


14 45,700 At edge of bead 11 183,000 At edge of bead* 10 158,400 In bead 
22 35,800 At edge of bead 12 187,400 At edge of bead 15 217,000 In bead 

13 165,900 At edge of bead 23 186,200 In bead 
Av. 40,800 Av. 178,800 Av. 187,200 


~ * Offset of a few thousandths of an inch between weld and base plate. 


is shown in Fig. 2. The results of the tests are given in 
Table 1. It is of interest to note that, in the static tests, 
all specimens broke outside of the weld even though the 
beads had been planed flush with the base plates. 


2. Results of Tests 


All fatigue specimens were tested on a cycle in which 
the stress varied from 0 to 45,000 psi., the same stress 
being used for all specimens to facilitate a comparison of 
the results. The results of the tests are given in Table 2. 

The specimens that are most nearly coinparable, in so 
far as surface-stress raisers are concerned, are those of 
the following series: (1) plate without weld, mill scale 
machined off and the surfaces polished; (2) plate with 
transverse bead on one side, mill scale and bead machined 
off and surfaces polished and (3) plate with transverse 
beads on both sides, mill scale and beads machined off 
and surfaces polished. The average number of cycles for 
failure had values of 364,800, 268,600 and 187,200, 
respectively, for the three series. The values of A-in the 
empirical equation, F* = S(n/N)*, are not known for 
*/¢in. specimens with machined and polished surfaces, 
but it can be estimated from the values for other speci- 
mens. For butt welds in '/s-in. plates with the rein- 
forcement on, A = 0.13; for the same type of specimens 
except that the reinforcement was planed flush with the 
base plate on both sides, K = 0.18; and for butt welds 
in '/>-in. plates with the reinforcement on, K = 0.10. 
A value of K= 0.15 would, therefore, seem reasonable 
lor these specimens. Substituting a value of 0.15 for K 
and of 200,000 for NV in the empirical equation for F gives 
values of 49,200, 47,000 and 44,500 psi., respectively, for 
the fatigue strength for failure at 200,000 cycles of: 
plates without welds, plates with a transverse bead on 
one side and plates with a transverse bead on each side, 
all specimens having the parallel surfaces machined and 
polished. If the plate without weld is taken as a basis, 
then the bead on one side reduced the fatigue strength 


_ * F is the fatigue strength for failure at N cycles, S is the maximum stress 
in the stress cycle, » is the actual number of cycles for failure and K is an 
experimental constant 

_) See Univ. of Ili. Eng. Exp. Sia. Bulletin No. 327, Tables 6, 9 and 26, pp. 
17, 21 and 60. 
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4.5% and beads on both sides reduced the fatigue 
strength 9.5%, the values being based upon the average 
of three tests in each instance. 

The causes of these reduced fatigue strengths are dis- 
cussed in the following section. 


3. Location and Character of Fractures 


Specimens with a Bead on One Side 


The location and character of the fractures are shown 
in Figs. 3, 4 and 5 for the specimens with a bead on one 
side; Fig. 3 showing the specimens in the as-welded 
condition, Fig. 4 showing those with the bead machined 
flush with the base plate and Fig. 5 showing the speci- 
mens with the bead and mill scale machined off and the 
surfaces polished. The specimens in the as-welded 
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Fig. 5—Location and Character of Fractures. Specimens 
with Bead on One Side. Bead and Mill Scale Machined Off 
and Surfaces Polished 


Macrographs half size, fractures full size. 
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Fig. 6—Location and Character of Fractures. Specimens 
with Beads on Both Sides. In the As-Welded Conditi 


Macrographs half size, fractures full size. 


condition both broke at the edge of the bead where the 
change in section acted as a stress raiser extending the 
full width of the plate and the fracture was in the base 
metal. Of the specimens with the bead planed flush 
with the base plate, Specimen 6 broke in the weld and 
Specimens 5 and 21 broke at the edge of the weld. 
Specimen 6 had a considerably lower fatigue strength 
than the other two and its fracture contains fisheyes 
whereas the fractures of 5 and 21 are typical for a plate 
without weld. Of the specimens with the bead and mill 
scale machined off and the surfaces polished, Specimen 9 
broke at the middle of the weld, 20 broke at the edge of 
the weld and 7 broke a considerable distance from the 
weld. Specimen 9 had a much lower fatigue strength 
than either 7 or 20. 


Specimens with Beads on Both Sides 


The location and character of the fractures of the 
specimens with beads on both sides are shown in Figs. 6, 
7 and 8; Fig. 6 showing the specimens in the as-welded 
condition, Fig. 7 those with the bead planed flush with 
the base plate and Fig, 8 showing the specimens with the 
beads and mill scale machined off and the surfaces pol- 
ished. 

The fractures of both specimens in the as-welded 
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Fig. 7—Location and Character of Fractures. Specimens 
with Beads on Both Sides. ae Machined Flush with Base 
ate 


Macrographs half size, fractures full size. 
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Fig. 8—Location and Character of Fractures. Specimens 
with Beads on Both Sides. Beads and Mill Scale Machined 
Off and Surfaces Polished 


Macrographs half size, fractures full size. 
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Table 3—Vickers Hardness Numbers for Base and Weld Metal 


Unaffected Base Heat-Affected 
- Metal Zone ————Weld Metal 
Min. Max. t Min. Max. Min. Max. 


Specimens with a Bead on One Side 


132 . 135 163 127 137 
137 141 181 (168) 
135 141 162 145 169 
134 144 185 
135 142 166 145 157 
139 137 172 
‘ 145 185 130 146 
145 193 
142 171 137 167 
151 179 
151 177 158 
146 170 


Specimens with Beads on Both Sides 


142 143 169 (160) 
150 144 151 
145 143 j 151 
140 137 . 159 (150 
140 131 127 
140 133 5 135 
140 135 f 146 
138 123 5s 134 
138 137 149 
138 133 139 
142 144 143 
134 132 134 


Whe 
Ww 
ON tw 


orto o 


> 


__VIGKERS HARONESS 


Fig. 9 (a)—Hardness witha Beadon Fig. 9 (b)—Hardness with a Bead on One 
ne Side ide 


Macrographs full size, reduced one half in reproduction. Macrographs full size, reduced one half in reproduction. 
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condition were at the edge of the weld on one side of the 
specimen but extended into the deposited metal on the 


other side and the character of the fracture was some-’ 


what affected by the deposited metal. The two speci- 
mens had approximately the same fatigue strength. 

Of the specimens with the beads machined flush with 
the base plate, Specimen 11 failed at the edge of the weld 
metal and the character of the fracture was typical of 
base-metal fractures. Specimens 12 and 13 failed near 
the edge of the weld metal but the fractures meandered 
somewhat into the weld metal and had some of the 
characteristics of a weld-metal fracture. The fatigue 
strength was practically the same for all of these speci- 
mens. 

All of the specimens with the beads and mill scale 
machined off and the surfaces polished broke in the weld 
metal. The fractures were quite similar and the fatigue 
strengths had approximately the same value for all 
specimens. 


4. Hardness Surveys 


Hardness surveys were made of the deposited metal 
and the heat-affected zone of all welded specimens. 
Macrographs and hardness diagrams are shown in Fig. 9 
for specimens with a bead on one side and in Fig. 10 for 
specimens with beads on both sides. In these diagrams, 
a represents the unaffected base metal, b the heat- 
affected zone and ¢ represents the weld metal. The 
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Fig. 10 (a)—Hardness Diagrams. Specimens with Beads on 
Both Sides 


Macrographs full size, reduced one half in reproduction. 
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hardness numbers for Series 1 were read on a line 0.05 in 
from the surface receiving the bead for specimens with 4 
bead on one side, and 0.05 in. from the surface receiyin 

the last bead for specimens with beads on both sides. 
The hardness numbers for Series 2 were read on a line 
tangent to the fusion line at the bottom of the weld de. 
posit for specimens with a bead on one side and on a line 
through the junction of the first and second beads for the 
specimens with beads on both sides. The hardness 
numbers for Series 3 were read on a line 0.05 in. from the 
surface receiving the first bead for the specimens with 
beads on both sides. 

The results of the hardness surveys are given in Table 
3. The average values reported have been estimated 
from the hardness contours (not the mean of the maxi- 
mum and minimum) and several values in parentheses were 
considered to be more representative than the actual 
maximum values reported when the latter were obtained 
in cold-worked areas next to the cracks causing failure. 
The hardness of the unaffected base material was, in 
general, about 140 Vickers. The hardness of the weld 
metal was about 150 Vickers for the specimens with one 
bead, but was considerably lower for the specimens with 
beads on both sides. The greatest hardness occurred in 
the heat-affected zone but the maximum reading re- 
corded was 193, a value somewhat less than the 200 
Vickers usually considered to be acceptable. 

It is apparent from a study of the hardness contours 
and macrographs that the heat-affected zone was dis- 
tributed over the cross section in such a manner that 
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Fig. 10 (b)—Hardness i, Specimens with Beads on Both 
ides 


Macrographs full size, reduced one half in reproduction. 
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me planes through the weld metal, transverse to the 
direction of stress, contained both weld metal and base 
metal in the heat-affected zone, metals which had widely 


5. Microstructure 


The microstructure of Specimen 8, which is typical of 


differing hardness values. A failure through these areas the structure of specimens with a bead on one side, is 


could, therefore, have started in either zone. Moreover, shown in Fig. 11. 


The regions in which the micrographs 


the junction on a transverse plane of two metals having were taken are indicated on the macrograph at the center 
widely differing physical properties might act asa stress of the figure. Micrograph X represents the structure in 
raiser that would affect the fatigue strength. 
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Fig. 11—Microstructure of Specimen 8. Typical of the Specimens with a Bead on 
One Side 


Original magnification as shown. Reduced one half in reproduction. 
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Fig. ee of Specimen 22. Typical of the Specimens with Beads on 
Both Sides 


Original magnification as shown. Reduced one half in reproduction. 
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the heat-affected zone of a butt weld in a °/s-in. plate 


similar in composition to the plates 
used in this series, and it is presented 
as a gage by which to judge the grain 
size of the specimens being studied. 
It is to be noted that the magnifica- 
tion of the X micrograph in the 
original photograph was 100, whereas 
the magnification in region 6 of Speci- 
men 8 was only 30, and a comparison 


‘of the two micrographs indicates that 


the grain size was approximately 3 
times as great for the bead weld as for 
the butt weld. The base metal ap- 
peared slightly banded but the car- 
bide was well distributed in regions 
1 and 2, the former being in the un- 
affected zone and the latter in the 
transition zone. There were no major 
laminations evident in the base metal 
of any of the specimens and the slag 
was uniformly distributed in the 
form of thin stringers of short length. 
There had been a refinement of the 
grains in region 4 as compared with 
the original base metal but some 
slight growth of the recrystallized 
grains had occurred due to the fairly 
high temperature attained. There 
was considerably greater homogeneity 
in the distribution of the micro-constit- 
uents in this region than in the un- 
affected base metal. The finest grain 
size in the heat-affected zone occurred 
in region 3, indicating a short sojourn 
just above the upper critical te mpera- 
ture in this region. In region 2, only 
a small amount of the ferrite had 
gone into the austenitic form from the 
original pearlite areas. As a con- 
sequence a fine grain was obtained 
only in the originally pearlitic areas 
which had recrystallized. There was 
a coarse, columnar structure in the 
weld metalinregion 5. Thestructure 
at 7, where the fusion line intersected 
the surface of the plate, was coarse 
grained and a crack formed where the 
edge of the reinforcement acted as a 
geometrical stress raiser. Failure, 
however, was at the corresponding 
point on the opposite side of the 
bead. It would seem that cracks 
had formed at both edges of the bead, 
but one progressed more rapidly than 
the other. 

The microstructure of Specimen 22, 
shown in Fig. 12, was typical for the 
specimens with beads on both sides. 
The unaffected base metal, region | 
of Fig. 12, was the same as for the 
specimen with a bead on one side, re- 
gion 1 of Fig. 11; and the columnar 
structure in the last bead deposited, re- 
gion 5of Fig. 12, wassimilar to thestruc- 
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Original magnifications as shown, Reduced one half in repro- 
duction. 


’ ture in the bead of Specimen 8, region 5 of Fig. 11. Like- 
ave 3 wise, the recrystallization in region 2 of Fig. 12 was simi- 
lar to that in region 2 of Fig. 11. Region 3 of Fig. 12 
es apparently received a double normalizing treatment and 
84 the structure was the result of re-normalizing with the 
248 second bead, a structure similar to that shown in region 4 
se of Fig. 11. Region 4, Fig. 12, shows three different 
| structures, at the top the columnar structure of the last 
et bead, at the bottom the recrystallized structure of the 
ft first bead and at the left the heat-affected zone of the 
: base metal. The columnar structure of the first bead 
wari ' was changed to a fine-grained structure throughout, as 
e's shown by the micrograph of regions 6 and 7. It is of 
‘ interest to note that there was a crack at 7, the edge of 
the reinforcement opposite to the one at which failure 
occurred. A small crack similar to the one shown at 7 
was formed in the base metal next to the second bead 
and at the upper left-hand side of the macrograph. 
There was also a slight undercut on the upper right-hand 
side of the second bead but no crack had formed. A 
characteristic type of crack occurred at region 8, in this 
case parallel to the main fracture and at or near the fusion 
line. It extended into the weld metal from the coarse- 
grained zone. 

Various cracks in Specimens 9, 10, 13 and 23 are 
shown in Figs. 13, 14 and 15. Region 1 of Fig. 13 hada 


j 


Fig. 14—Cracks in Specimen 10 


Original magnification as shown. Reduced one half in reproduc- 
tion. 


fine crack crossing a pearlitic region, the origin «/ the 
crack being the internal surface of a porous area shown at 
the top. Region 3 of the same figure had another crack 
extending from the fractured surface into the heat. 
affected zone and its path was entirely within the ferrite 
grain boundaries of the coarse-grain structure. [his 
type of crack was to be expected if it started in this revion 
since the ferrite boundary had the lowest strength and 
was interposed between blocks or colonies of finely dis- 
persed pearlite. Once the crack had extended, there 
was a high concentration of stress at the advancing end 
and the crack would be expected to go through the pear!- 
ite grains. 
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6 
Fig. 15—Cracks in Specimens 13 and 23 
Original magnifications as shown. Reduced one half in repro- 


duction. 


Region 1 of Fig. 14 shows the general fracturing in the 
form of blocks at the bottom of the crack at the left of 
the second bead shown in macrograph 10-1. The 
banded structure of the base metal was responsible for 
these secondary cracks which crossed the major crack in 
the direction of rolling. Region 2 of macrograph 10-2 
had a crack in the same plane with the base of the fisheye 
shown in the fracture surface of Specimen 19, Fig. 8. 
The crack extended through the normalized stracture of 
the first bead and the distorted grains at the bottom are 
believed to have been due to a tensile failure through the 
metal left between two fisheyes on different planes. 

The cracks shown in region 2 of Fig. 13 and in region | 
of Fig. 15 extended across the fusion line into the colum- 
nar weld metal parallel to the long grains, and into the 
heat-affected zone through the ferrite boundary of the 
coarse grains of base metal. The micro-fissures shown 
in regions 2, 3, 4 and 5 of Fig. 15 are of considerable in- 
terest since it is believed that they represent the initial 
phase in the development of cracks that would eventually 
cause failure. These fissures were found in the coarse 
grained region of the heat-affected zone immediately 
adjacent to the fusion line of the secord bead, as indi- 
cated on the macrograph of Specimen 23. These fissures 
were also found in the single-bead welds; in the double- 
bead weld, they are associated only with the second bea. 
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But it is not known whether they were present in the as- 
welded condition before the specimens were subjected to 
the fatigue test since the microscopic examination was 
not made until after the test. 

The microstructure of the metal in the center of the 
fisheyes shown on the fracture surfaces of Specimens 20 
and 21, Figs. 4 and 5, was investigated by taking a cross 
section through these areas and polishing down to the 
center. Figure 16 shows the results of this survey and 
regions 1 and 3 show that the center of the fisheye was 


Fig. 16—Micrographs of Specimens 20 and 21 


Original magnifications as shown. Reduced one half in repro- 
duction. 


situated in the weld metal and fairly close to the fusion 
line. Micrograph 2 shows, at higher magnification, the 
area Of 1 polished down still further into a porous area 
which appears to have been the origin of the fisheye. 
Micrograph 4 shows the same condition for specimen 21. 

It was usually found that a fisheye originated in the 
weld metal and the roughly circular, bright area sur- 
rounding the pocket in its center was normal to the stress 
direction almost without exception. 


6. Summary of Results 


1. The hardness surveys indicated that the maximum 
hardness of 193 Vickers developed in the heat-affected 
zone was not excessive since it represented an increase of 
only 51 Vickers units above the average base-metal 
hardness of 142 Vickers. The hardness of the weld 
metal in both beads of the double-bead welds was, on the 


average, approximately the same as the base metal, but 
the minimum values were somewhat lower than those for 
the base metal and wherever this occurred the areas can 
be regarded as potentially weak because of the lower 
strength. 

2. The maximum hardness of the Series 2 surveys of 
the single-bead welds was in the heat-affected zone 
directly below the weld metal. For the double-bead 
welds, the maximum hardness of Series 2 surveys was in 
the heat-affected zones on either side of the bottom of the 
weld. Any plane normal to the fatiguing stress through 
the weld metal of the single- and double-bead welds 
would, therefore, contain both weld metal and heat- 
affected zone, except for a small region of the double- 
bead welds where the first and second beads merge. 
Therefore in the bead welds of the present study it was 
impossible to define the location of the weakest region 
because of the conjunction of weld metal and heat- 
affected zone on planes through the weld and normal to 
the stress direction. 

3. The large grains of the heat-affected zone of the 
single- and double-bead welds, were approximately two 
to three times larger than in the heat-affected zone of 
a butt weld im similar base metal which indicated that 
the heat effect in producing the specimens was larger 
than usual for a butt weld. 

4. The microstructures of Specimens 7, 9 and 20 
afford a comparison of considerable interest in the rela- 
tionship of fatigue strength, hardness and microstruc- 
ture. Specimen 9 had the lowest number of cycles at 
failure for this series of three specimens in the same 
group; it also appears to have failed through the weld 
and the heat-affected zone at the bottom of the weld. 
In addition this specimen had the largest area of coarse 
grains below the weld of any of the series while Specimen 
20 had practically no coarse grains directly below the 
weld bead and Specimen 7 appeared to be on a par with 
the other single-bead welds. The maximum hardness of 
Specimen 20 was found in Series 1 survey, probably be- 
cause the heat effect produced a grain size favorable for 
hardening near the top of the plate rather than below the 
bead. 

5: The tests of specimens whose strfaces were 
machined and polished were the only ones of value in 
judging the metallurgical effects due to welding upon the 
fatigue strength. These specimens consisted of three 
groups: (1) plates without welds, (2) plates with a bead 
on one side and (3) plates with beads on both sides. The 
fatigue strengths of these three groups of specimens had 
relative values of 1.00, 0.955 and 0.905, respectively, each 
value being the average of three tests. Whether these 
relatively small differences were due to metallurgical 
changes inherently necessary in making butt welds or 
were due to metallurgical changes that occur in laying 
beads but not necessarily inherent in making butt welds 
as suggested in Section 4, is not clear. 


Progress Report No. 3 


l. Introduction 


subcommittee prepared a tentative program of 
fatigue tests for bead-welded specimens of */s-in. 
thick steel plate. The final program designated as 
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\" A meeting in Pittsburgh on May 7, 1941, the 
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Project No. 3 is summarized in the schedule shown in 
Fig. 1. 

At another meeting of the subcommittee in October 
1944, it was voted to continue the original schedule of 
tests to completion and use the spares left over to deter- 
mine the effect of strain-aging upon the static and fatigue 
strength. 
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TESTING SCHEDULE - PROJECT NO. 3 
SUB-COMMITTEE ON METALLURGICAL EFFECTS OF WELDING 
NOTE — THE NUMBER OF SPECIMENS TO BE TESTED IN EACH SERIES IS SHOWN UNDER THE HEADING "WELD BEADS” AS FOLLOWS: 
COLUMN | = FATIGUE TESTS ON A CYCLE OF 0 TO 45000LBS. PER S@.IN. TENSION COLUMN 3+ STATIC TESTS 
COLUMN2s * * © © © TOLESS THAN 45000 LBS. PER S@. IN. TENSION COLUMN 4 * SPARES 
GROUP | series ELECTRODE | AMBIENT BEAD WELD | ROLLING WELD 
DIAM. WELDING vs. DIRECTION LEFT ON MACHINED OFF (MILL SCALE ON| 
ONE SIDE BOTH SIDES ONE SIDE BOTH sives | 
* 
AS.T.M.-A7 STEEL PLATE 3/8 IN. THICK - C.27, MN.48,, SI1.004 , , P 021 ke 
A ve NORMAL T P 3 3 
2 8 ve 10° F T 6 3 33 
3 NORMAL T P 
4 ct v4 NORMAL T T 3 3 2 
5 D “4 10°F T $333 
6 oT 10°F T T 3 32 
7 G V4 NORMAL P P 3 3 3 3 
8 H “4 NORMAL P P 6 3 6 3 , 3 6 3 
UNDER 10000 LBS. PER IN. SO. TENSION) 
9 PLUG WELDS NORMAL P 6 33 
DIA, 
BESSEMER STEEL PLATES 3/8IN. THICK - C.064,MN 39, SI.073 , $.042 , P.103 
10 £4,3,5,7 “4 NORMAL T T 
E246 NORMAL T Pp 6 7 
PLAIN PLATES WITHOUT WELDS -A.S.T.M.-A7 STEEL 3/8 iN. THICK 
P 9 2668 
12 T 3 
PLAIN PLATES WITHOUT WELDS-BESSEMER STEEL 3/8IN. THICK 
13 T 3 3 
14 P 3 
TRANSVERSE, P= PARALLEL 


Fig. 1 


2. Description of Specimens 


The object of the tests was to determine the reduction 
of fatigue strength, if any, resulting from weld beads 
placed on specimens of two types of steel. The type of 
specimen used for static and fatigue tests is shown in the 
sketch of Fig. 2. The conditions of specimen prepara- 
tion which were purposely varied are described below. 

Group 1, Series A specimens* had beads welded on 
both sides with a '/s-in. diameter Wilson 98N electrode. 
The weld beads were deposited transverse to the rolling 
direction at normal room temperature. The specimens 
were tested statically and in fatigue with the weld beads 
transverse to the stress, thus the rolling direction was 
parallel with the stress. Tests were made both with the 
weld beads left on and with the weld beads machined 
flush with the plate without removing the rolling mill 
scale. 

Group 2, Series B specimens were identical with those 
in Group 1, Series A, except that the bead welds were 
made in winter when the ambient temperature was 10° F. 
or less. 

Group 3, Series C specimens had beads welded on both 
sides with a '/,-in. diameter Wilson 98N electrode. The 
weld beads were deposited transverse to the rolling 


* All specimens in Groups 1 to 9, 11 and 12 were cut from A.S.T.M.-A7 steel 
late */s in. thick whose chemical composition was C 0.27, Mn 0.48, Si 0.004, 
0.024 and P 0.021. 
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direction at normal room temperature. The specimens 
were tested statically and in fatigue with weld beads 
transverse to the stress, thus the rolling direction was 
parallel with the stress. Tests were made with the weld 
beads left on and with the weld beads machined flush 
with the plate without removing the rolling mill scale. 

Group 4, Series CT specimens were identical with 
those in Group 3, Series C, except that the weld beads 
were deposited parallel with the rolling direction. Static 
and fatigue tests were made with both the weld beads and 
rolling direction transverse to the stress. 


| 
2-8" 


Fig. 2—Details of Specimens for Static and Fatigue Tests 


Note: The location of fatigue failure was designated w.g., 4.3: 
or o.g. The designations are described és follows: (1) w.g. 
(within gage length) for a failure within the 4-in. gage length; 
(2) a.g. (at gage length) for a failure within 1/, in. of the end of the 
4-in. gage length; (3) 0.g. (outside of gage length) for a failure 
more than '/; in. from the end of the 4-in. gage length. 
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Group 5, Series D specimens were identical with those 
in Group 3, Series C, except that the bead welds were 
made in winter when the ambient temperature was 10° F. 

r less. 
: Group 6, Sertes DT specimens were identical with those 
in Group 4, Series CT, except that the bead welds were 
made in winter when the ambient temperature was 10° F. 
or less. 

Group 7, Series G specimens had beads welded on one 

side and on both sides with a '/,-in. diameter Wilson 
Q8N electrode. The weld beads were deposited parallel 
with the rolling direction at normal room temperature. 
The specimens with the single bead weld and with bead 
welds on both sides were tested statically and in fatigue 
with the bead welds parallel with the stress. Tests were 
made with the weld beads left on and with the weld 
beads machined flush with the plate without removing 
the rolling mill scale. 
" Group 8, Series H specimens were identical with those 
in Group 7, Series G, except that a tensile stress of 10,000 
psi. was applied to the specimens while the weld beads 
were deposited and during the cooling period. The 
tensile stress of 10,000 psi. was applied parallel with the 
weld beads. A system of pulleys and wire cable from 
which a dead weight was suspended was employed to 
produce the 10,000 psi. tensile stress. 

Group 9, Series F specimens were plug welds placed in 
the center of the gage length and width of the specimens. 
The welds were made with '/,-in, diameter Wilson 98N 
electrodes at normal temperature. A backing plate was 
used. A sealing bead was made around the l-in. diam- 
eter hole in the plate and then the hole was filled in. 
The specimens were tested statically and in fatigue with 
the rolling direction parallel with the stress. On all 
specimens the backing plate and any weld reinforcement 
on the opposite side were removed flush with the plate 
without removing the rolling mill scale. 

Group 11 and Group 12 specimens were plain plates 
without welds. The specimens were tested statically 
and in fatigue with the rolling direction parallel with the 
stress. Three specimens were tested statically and three 
in fatigue with the rolling direction transverse to the 
stress. 

Group 10, Series E specimenst had beads welded on 
both sides with a '/,-in. diameter Wilson 9SN electrode. 
The weld beads were deposited at normal room tempera- 
ture. For the oddMumbered specimens the weld beads 
were deposited parallel with the rolling direction and 
for the even-numbered specimens the weld beads were 
deposited transverse to the rolling direction. All speci- 
mens were tested statically and in fatigue with the weld 
beads transverse to the stress, thus for the odd-numbered 
specimens the rolling direction was transverse to the 
Stress and for the even-numbered specimens the stress 
and rolling direction were parallel. All specimens in this 
group were tested statically and in fatigue with the weld 
beads planed flush with the plate without removing the 
rolling mill scale. 

Group 13, Series ET specimens were plain plates with- 
out welds which were tested statically and in fatigue with 
the rolling direction transverse to the stress. Another 
group of plain specimens without welds, designated 
Group 14, was placed in the original program to deter- 
mine static and fatigue values with the rolling direction 
parallel with the stress. Due to an error in the blueprint 
drawing, Group 14 specimens were prepared with bead 
welds on both sides and were designated Group X. 

Group X, Series E specimens had beads welded on 
both sides at normal room temperature with a '/,-in. 


. t All specimens in Groups 10, 13 and X were cut from Bessemer steel plate 
ae = a= chemical composition was C 0.064, Mn 0.39, Si 0.073, S 
a 4 


diameter Wilson 98N electrode. The weld beads were 
deposited transverse to the rolling direction. All speci- 
mens were tested statically and in fatigue with the weld 
beads transverse to the stress. The weld beads were left 
on for all specimens. 

Static and fatigue tests were also made on specimens 
which had been strained to give a residual tensile elonga- 
tion of 2% and were then heated for 100 hr. at 150° F. 
The properties of the A.S.T.M.-A7 steel after strain aging 
were determined only for Group 5, Series D specimens. 
Similar tests of the Bessemer steel were carried out with 
both odd- and even-numbered, Group 10, Series E 
specimens. 


3. Data Obtained 


The results of all static tests except those for strain- 
aged specimens are given in Table 1. The average values 
are given in Table 6 for all static tests including those 
made on strain-aged specimens. 

The results of all fatigue tests of specimens, tested on a 
cycle of 0 to 45,000-psi. tensile stress are given in Table 2. 
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Yield Ultimate 


Spec. Point, Strength, Reduction 
Table 1—Results of Static Tests Group No. Psi. Psi. in2In.,% of Arca, % 
Yield Ultimate 8 H4-4 45,700 73,400 41.3 47.2 
Spec. Point, Strength, Elongation Reduction S H6-6 45,500 73,500 46.5 42.4 
No. Psi. Psi. in 2In., % of Area, % 37.2 
10 E3-2 41,700 61,000 10.0 42.1* 
10 E5-3 44,000 61,600 
Wale, 10 40,200 56,600 10.5 64 0 
AC-1l 41,100 68,400 46.8 49.7 10 E4-2 43,600 60,100 
BC-2 41,900 68,700 50.0 47.1 10 E6-3 44,300 62,200 % . « 
FCA-2 39,900 68,100 46.8 44.6. 
FCB-1 40,300 67,300 54.3 57.0 Plug Welds 
FCB-3 39,200 67,400 55.3 55.8 9 Fl-1 41,500 70,600 28.1 35.1 
_GC-1 41,100 = 68,600 52.9 40.8 9 F2-2 40,800 72,200 13.8 52.8 
GC-3 40,500 68,200 52.9 40.8 9 F3-3 41,500 69,800 16.4 $2.5 
GC-5 39,700 68,300 53.0 39.0 ‘ 
HC-1 45,800 71,700 52.8 50.2 * Denotes specimen which failed outside the gage length. 
HC-3 43,300 70,700 52.0 48.6 ¢t Denotes specimen which failed at the gage length. 
HC-5 44,100 71,600 52.2 55.7 All other specimens failed within the gage length. 
AT-1 39,300 67,200 46.5 37.7 
AT-3 39,100 67,700 53.5 50.2 nakanal 
Bt-2 41,100 68,300 50.8 47.2 
ET-1 42,800 58,700 51.8 46.8 —— 
ET-3 42,7 58,700 52.8 48.0 
ET-5 42,800 58,500 53.5 45.9 Table 2—Results of Fatigue Tests of Specimens Tested on a 
Cycle of 0 to is, 000 Psi. Tensile Stress 
Weld Beads Left On—Bead on One Side AS.T.M.-A7 Sreew PLate 
G2-2 45,900 76,700 40.6 33.4 
G3-3 45,800 74,400 38.3 36.4 
H1-l 58,000 87,400 45.6 36.8 Group 11, Rolling Direction Group 12, Rolling Direction 
H2-2 44,000 72,900 42.6 40.1 Parallel with Stress Transverse to Stress 
7200 3.6 Spec. No. of Location Spec. 
No. Cycles Failure No. ycles Failure 
eld B 
Weld Beads Left On—Bead on Both Sides cc2 (224,400) te AT-2* 313,000 a 
Al-1 41,100 69,800 11.6 47.0 GC-4 327,300 a.g. BT-1* 219,500 o.g. 
10.3 GC-6 (221,500) a.g BT-3* 300,200 0.g. 
- 39,7 9,200 7.5 
B2-2 40,000 — 69,700 10.0 51.3 AC-5* (244,700) og 
B3-3 52,400 71,600 * BC3* 302400 we 
Cl-1 42,800 73,000 BC-5* 340.000 we 
C2-2 40,700 70,700 5.1 55.0 FCA-1* (120,200) a.g 
C3-3 40,200 69,800 CC-4 359,300 og 
D1-1 44,300 72,500 HC-2 378, 800 w.g 
D2-2 40,100 70,400 HC4 434700 og 
D3-3 43,900 70,600 HC-6 322 400 w.g 
G4-1 52,500 82,600 42.6 37.7 A 354.037 
G5-2 52,000 82,300 43.2 34. rf , 
G6-3 49,900 80,300 36.6 34.4 
H4-1 63,000 82,200 26 6 39 5 SPECIMENS WITH WELDS 
H5-2 54,200 79,800 27.7 35.3 Group 1, Series A, '/s-In. Electrode Welded on Both Sides at 
H6-3 52,400 81,200 35.5 41.3 Normal Temperature 
EC-1 37,300 57,800 5.9 60.8 Weld Beads Left On Weld Beads Machined Off 
Spec. No. of Location Spec. No. of Location 
Weld Beads Machined Off—Bead on One Side No. Cycles of Failure No. Cycles of Failure 
A4-4 89,400 e.w. Al-4 (220,500) 0.g. 
Gl-4 48,100 74,400 25.7 37.5°* A5-5 110,800 e.w. A2-5 (281,800) 0.g. 
G2-5 45,400 72,200 47.5 39.6 A6-1 112,900 e.w. A3-1 (302,500) o.g. 
G3-6 43,800 72,200 48.0 39.5 Al-2 88,900 e.w. A4-2 456,300 a.g. 
H1-4 44,600 72,900 46.0. 45.5 A23 110,900 ew. A5-3 331,000 og. 
H2-5 47,000 75,200 46.7 35.2 A3-4 97,700 e.w. A6-4 318,900 e.w. 
H3-6 58,700 73,400 44.1 34.9 Av. 101.750 Av. 368,733 
Weld Beads Machined Off—Bead on Both Sides Group 2, Series B, '/s-In. Electrode, Welded on Both Sides at 10° F. 
A4-1 40,300 69,200 12.9 46.8 Weld Beads Left On Weld Beads Machined Off 
A5-2 40,800 69,800 15.8 47.5 B4-4 86,400 e.w. Bl-4 319,600 a.g. 
46-3 40,300 69,800 12.9 52.6 B5-5 109,500 e.w. B2-5 384,200 0.g. 
B4-1 51,100 70,900 11.8 51.8 B6-1 107,500 e.w. B3-1 324,700 w.g. 
B5-2 43,700 65,800 11.8 51.6 B1-2 101,100 e.w. B4-2 263,600 a.g. 
BE-3 51,300 70,600 8.0 51.8 B2-3 103,000 e.w. B5-3 324,700 w.g. 
C4-1 43,900 72,700 13.4 51.8. B3-4 92,200 ew. B6-4 539,200 ew. 
C5-2 43,400 72,300 
C6-3 42,600 72,500 oY... 
CT-2 42,300 71,700 16.9 42.6 Group 3, Series C, '/«-In. Electrode, Welded on Both Sides at 
CT-3 43,300 71,100 + ek Normal Temperature, Weld Beads Transverse and Rolling Direc- 
CT-7 43,800 71,700 12.7 41. : tion Parallel to Stress 
Weld Beads Left On Weld Beads Machined Off 
D6-3 43,800 72,300 C4-4 51,100 ew. Cl-4 199,400 w.g. 
DT-1 41,900 72,300 16.3 42.3 C1-2 42,300 e.w. C4-2 162,400 e.w 
DT-3 41,800 71,600 16.4 41.7 C5-5 43,000 e.w. C2-5 257,700 w.g. 
DT-5 41,100 72,200 10.4 38.7 C2-3 46,600 e.w. C5-3 260,800 e.w. 
G4-4 48,400 75,100 42.2 35.7 C6-1 60,200 e.w. C3-1 348,400 a.g. 
G5-5 47,600 75,000 40.1 31.4 C3-4 59,800 e.w. : C6-4 178,100 e.w. 
G6-6 47,900 75,700 36.4 35.7 Av. 50,500 Av. 234,516 
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WELDING RESEARCH SUPPLEMENT 


Group 4, Series CT, Same as Group 3, Series C, Except Rolling 
Direction Transverse to Stress 


Weld Beads Left On Weld Beads Machined Off 


CT-1 206,000 e.w. 

CT-4 254,800 e.w. 

CT-8 171,600 e.w. 
Av. 211,067 


Group 5, Series D, '/,-In. Electrode, Welded on Both Sides at 10° 
F., Weld Beads Transverse and Rolling Direction Parallel to Stress 


Weld Beads Left On Weld Beads Machined Off 


p4-4 80,400 e.w. D1-4 306,700 ew. 
pD1-2 50,600 e.w. D4-2 156,300 e.w. 
D5-5 61,500 e.w. D2-5 164,200 e.w. 
D2-3 49,000 e.w. D5-3 385,600 
D6-1 71,600 e.w. D3-1 282,200 In the 

weld 
D3-4 40,800 €.w. D6-4 237,900 e.w. 

Av. 58,983 Av. 255,483 


Group 6, Series DT, Same as Group 5, Series D Except Rolling 
Direction Transverse to Stress 


Weld Beads Left On Weld Beads Machined Off 


DT-2 133,600 In the 
weld 
DT-4 286,700 e.w. 
DT-7 178,900 In the 
weld 
Av. 199,733 


Group 7, Series G, '/,-In. Electrode, Weld Bead and Rolling 
Direction Parallel with Stress 


Weld Bead on One Side 
Weld Beads Left On Weld Beads Machined Off 


G1-2 318,800 w.g. G1-5 310,700 0.g. 

Gl1-3 391,400 0.g. G1-6 550,000 w.g. 

G2-3 247,000 w.g. G2-6 371,800 o.g. 

G2-4 346,600 w.g. G2-1 238,000 a.g. 

G3-4 159,400 w.g. G3-1 (185,500) w.g. 

G3-5 183,300 w.g. G3-2 225,500 w.g. 
Av. 271,050 Av. 339,100 


Weld Beads on Both Sides 
Weld Beads Left On Weld Beads Machined Off 


G4-2 103,600 w.g. G4-5 205,400 w.g. 

G4-3 188,300 w.g. G4-6 194,400 w.g. 

G5-3 171,900 W.g. G5-6 255,600 a.g. 

G5-4 144,000 wg. G5-1 141,000 a.g. 

G6-4 85,500 w.g. G6-1 175,000 w.g. 

G6-5 146,800 w.g. G6-2 185,900 w.g. 
Av. 140,015 Av. 192,880 


Group 8, Series H, '/;-In. Electrode, Weld Bead and Rolling 
Direction Parallel with Stress. Welded Under Tensile Stress of 
10,000 Psi. 


Weld Bead on One Side 
Weld Beads Left On Weld Beads Machined Off 


H1-2 92,800 w.g. H1-5 338,000 w.g. 

H1-3 136,500 w.g. H1-6 (256,500) 0.g. 

H2-: 127,300 a.g. H2-6 467,200 a.g. 

H2-4 193,100 a.g. H2-1 405,900 W.g. 

H3-4 168,700 w.g. H3-1 584,500 W.g. 

H3-5 101,400 w.g. H3-2 334,500 a.g. 
Av. 136,663 Av. 426,020 


Weld Beads on Both Sides 
Weld Beads Left On Weld Beads Machined Off 


H4-2 216,100 a.g. H4-5 189,900 w.g. 
H4-3 351,200 W.g. H4-6 212,600 w.g. 
H5-3 237,200 wg. H5-6 353,400 we. 
H5-4 179,900 w.g. H5-1 477,200 w.g. 
H6-4 a.g. H6-1 308,000 W.g. 
H6-5 240,200 W.g. H6-2 326,600 w.g. 
Av. 229,210 Av. 311,183 
° Group 9, Series F, Plug Welds 


Weld Beads Left On Weld Beads Machined Off 


F4-1 72,600 w.g. 

F3-1 50,900 W.g. 

F1-2 (19,300) w.g. 

F4-2 40,600 W.g. 

F2-3 38,600 w.g. 

F1-3 74,100 w.g. 
Av. 55,360 


FATIGUE STRENGTH OF WELDED JOINTS 


BESSEMER STEEL 
PLAIN PLaTes WITHOUT WELDS 


Group 13, Rolling Direction Transverse to Stress 


ET-2 539,500 a.g. 
ET-4 302,100 a.g. 
ET6 714,800 0.g. 


518,800 (mean value) 


SPECIMENS WITH WELDS 


Group 10, Series E, '/,-In. Electrode, Welded on Both Sides at 


Normal Temperature, All Weld Beads Machined Off and Trans- 
verse to Stress 


Rolling Direction Transverse Rolling Direction Parallel 


to Stress to Stress 
E1-2 408,800 e.w. E2-2 254,100 w.g. 
E1-3 244,100 w.g. E2-3 243,400 w.g. 
E3-3 317,800 e.w. E4-3 357,900 w.g. 
E5-4 249,000 w.g. E4-4 249,000 W.g. 
E7-1 377,700 w.g. E6-5 188,800 €.w. 
E7-4 270,200 e.w. Av. 298,640 
Av. 311,270 


Group X, Series E, '/,-In. Electrode, Welded on Both Sides at 
Normal Temperature. All Weld Beads Left On and Transverse to 
Stress, Rolling Direction Parallel to Stress 


EC-2 43,900 e.w. 
EC-3 39,700 e.w. 
EC-5 33,800 e.w. 
Av. 39,130 
Notes: Values in parentheses not included in average. 


w.g. denotes failure within gage length. 

a.g. denotes failure within '/, in. of end of gage length. 

o.g. denotes failure outside of gage length, in the radius. 

c denotes failure at center of specimen. 

e.w. denotes failure at edge of weld. 

* denotes specimen which was peened at edges to prevent 
failure outside of gage length. 


The fatigue tests of strained and aged specimens tested 
on a cycle of 0 to 45,000 psi. tensile stress are not included 
in Table 2. The results of all fatigue tests of specimens 
tested on a cycle of 0 to less than 45,000 psi. tensile 
stress are given in Table 3 exclusive of strain-aged 
specimens. 

The results of all static tests made on strain-aged 
specimens are given in Table 4. The results of fatigue 
tests made on all strain-aged specimens are given in 
Table 5. 

Figures 3 to 19 show S-N diagrams of all the fatigue 
data obtained. Wherever possible the S-N band was 
indicated and the corresponding K value was given. 
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The data from all tests were plotted, irrespective of 
failure outside of the gage length for some specimens, 
lack of failure during the test or strain-aging of the 
specimens prior to testing in fatigue. ~ 

Table 8 gives a summary of the Vickers hardness sur- 


Table 3—Results of Fa e Tests of Specimens Tested on a 
* Cycle of 0 to Less 45,000 Psi. Tensile Stress 


A.S.T.M.-A7 STEEL PLATE 
PLAIN PLATES WITHOUT WELDS 


Stress Cycle No. of Cycles Location 

Spec. No. in 1000 Psi. to Failure of Failure 
AC-3 0-36 2,112,000 Did not fail 
CC-1 0-30 2,601,100 Did not fail 
CC-5 0-38 2,015,600 Did not fail 


Bead Welds on Both Sides and Machined Off 


Group 1, Series A, '/s-In. Electrode, Normal Temperature, Beads 
Transverse and Rolling Direction Parallel to Stress 


= and aged after the beads were machined off. 
A3-2 0-38 3,344,300 Did not fail M . 
A4-5 0-30 720,600 e.w. 
A5-1 0-33 644,500 e.w. 
A6-2 0-35 337,600 ew. 
TT 
Group 2, Series B, !/s-In. Electrode, 10° F., Beads Transverse and welt ty oS 
B1-5 0-38 2,931,200 Did not fail | 
B2-1 0-38 1,384,200 e.w. 
B3-2 0-38 2,455,100 Did not fail > 1 | | kom | 
B4-5 0-31 394,300 e.w. Beads on +4 
B5-1 0-38 254,300 ew. 
B6-2 0-38 263,800 ew. 
Group 3, Series C, '/,-In. Electrode, Normal Temperature, Beads 3 } | 
Transverse and Rolling Direction Parallel to Stress 3 —-+ 
C1-3 0-29 231,400 e.w. t —+—+—, 
C1-5 0-38 568,700 e.w. 
C2-1 0-38 358,100 e.w. aw 
C2-4 0-29 312,400 e.w. (swith # 
failed) 
C3-2 0-38 405,400 e.w. Jo} 
C4-5 0-36 .2 109,800 e.w. 
C5-1 0-34.2 114,300 e.w. Cycles for Failure in so00% 
C5-4 0-30 2,050,200 Did not fail SER/ES B 
C6-2 0-36 .2 94,000 e.w. fail + 
IVE 
Group 5, Series D, !/4-In. Electrode, 10° F., Beads Transverse and ’ 
Rolling Direction Parallel to Stress Fig. 6 
D1-3 0-26 .0 1,660,200 e.w. 
D1-5 0-37 .9 523,400 e.w. 
D2-1 0-35 .0 1,268,000 e.w. 
D2-4 0-26 390,800 e.w. a 
D3-2 0-38 .0 2,516,300 Did not fail 4 
D4-5 0-35.8 170,000 e.w. to 
D5-1 0-37 .8 110,800 e.w. ° 
D6-2 0-37.8 133,800 £ 30 
Group 9, Series F, Plug Welds 1 In. Diameter . “7 
F3-2 0-35.0 261,200 w.g. 
F4-3 0-40.0 234,800 W.g.- 
Group 10, Series E, '/,-In. Electrode, Normal Temperature, Beads — +] 
Transverse to Stress. Specimen E4-1 Rolling Direction Parallel 
to Stress. Specimens E5-2 and E7-2 Rolling Direction 2. +-+4 
x 
, E41 0-39.2 722,800 e.w. 
E5-2 0-40.0 361,800 
Notes: w.g. denotes failure within gage length. leo Feo = 
a.g. denotes failure within '/, in. of gage length. 
o.g. denotes failure outside of gage length. Mone 
c denotes failure at center of specimen. 0 Did ad tail 
e.w. denotes failure at edge of weld. © Out of gage 
= Fig. 7 
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veys made on representative specimens from all groups, 
A maximum number of three lines or series of hardness 
surveys were made on any specimen having weld beads 
on both sides of the specimen. Series 1 and 2 were taken 
along a line parallel with the rolled-plate surface and ().05 
in. away from the nearest rolled surface. Series 3 was 


— 


Table 4—Results of Static Tests of Specimens Strained 2°, 
and Aged 100 Hr. at 150° F. 


Yield Ultimate 
Spec. Point, Strength, Location Elongation, Reduction 


No. Psi. Psi. of Fracture % in 4 In. of Area, % 
Group 5, Series D, A.S.T.M.-A7 Steel 
DT-6 64,200 75,600 0.g. 
DT-8 63,800 75,800 0.g. ty 
Group 10, Series E, Bessemer Steel 
E4-5 62,200 68,000 w.g. 11.3 50.6 
E6-1 61,000 68,000 


Note: All specimens were bead welded on both sides with '/,- 
in. electrode at normal temperature. All specimens were strained 
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taken along a line perpendicular to Series 1 and 2 through 
the approximate center of the weld beads. Two series of 
hardness surveys were made on specimens with a weld 
bead on one side. Series 1 was made along a line parallel 
with the rolled-plate surface nearest the weld and 0.5 in. 
away from the rolled surface. Series 2 was made along a 
line perpendicular to Series 1 through the center of the 
weld bead. Only one series of hardness surveys was 
made on the plug welds. The hardness surveys for the 
plug welds were made along a line parallel with the rolled 
plate surface and 0.05 to 0.08 in. away from the rolled 
surface nearest the last portion of the plug weld to be de- 
posited, i.e., opposite the position of the backing plate 
when the weld was made. The hardness diagrams for all 
specimens reported in Table 8 are given in Figs. 20 to 34. 
The values for average hardness in Table 8 were obtained 
from the diagrams of Figs. 20 to 34. 


Table 5—Results of Fatigue Tests of Specimens Strained 2% 
and Aged 100 Hr. at 150° F. 


Stress Cycle No. of Cycles 
in 1000 Psi. to Failure 


Group 5, Series D, A.S.T.M.-A7 Steel 


0-38.0 587,900 
0-45.0 375,000 


0-35 .0 468,500 
0-45.0 219,700 


Group 10, Series E, Bessemer Steel 


0-45 .0 505,200 
0-45.0 366,500 e.w. 
0-45.0 149,500 e.w. 
0-40.0 1,152,400 e.w. 
0-40.0 716,200 w.g. 
0-45.0 427,700 e.w. 
0-40.0 480,500 e.w. 
0-42.0 568,300 e.w. 


Location 


Spec. No. of Fracture 


D3-5 
D4-3 


e.w. 
Inside of 
weld 
e.w. 
e.w. 


D5-4 
D6-5 


E1-4 
E2-4 
E2-5 
E3-1 
E3-4 
E5-1 
E6-2 
E7-3 


_ Note: All specimens were bead welded on both sides with */,- 
in. electrode at normal temperature. All specimens were strained 
and aged after the beads were machined off. 


Rolling Direction Transverse Stress 
Beads Both Sides Machined Wf 


600 feo hee 
Cycles tor Failure 


Fig. 9 


Stress in af per 
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4. Discussion of Data from Static Tests 


The static tests summarized in Table 6 show that the 
plain A.S.T.M.-A7 steel plates without welds had quite 
similar ultimate strength and yield strength except for 
the Series HC plates which had slightly higher values. 
The Bessemer steel plate had approximately the same 
yield point as the A.S.T.M.-A7 steel plate but was con- 
siderably lower in ultimate strength. 

For the A.S.T.M.-A7 steel plate with weld beads 
transverse to the stress, weld beads left on, the static 
tensile properties are not greatly different from the plain 
plates except for the per cent elongation and reduction of 
area which were drastically reduced by the continuous 
weld bead across the width of the plate. For the 
A.S.T.M.-A7 steel plate with weld beads transverse to 
the stress, weld beads machined off, the static tensile 
properties are not greatly different from the plain plates 
except for the per cent elongation and reduction of area 
which were, in general, considerably less than for the 
plain plates. 

For the A.S.T.M.-A7 steel plate with weld beads 
parallel to the stress, weld beads left on, there was a 
significant increase in yield point and ultimate strength 
as compared with the plain plates. The increase was 
greater for the Group 8, Series H specimens, welded 
under 10,000 psi. tensile stress than for the Group 7, 
Series G specimens. The per cent elongation and reduc- 


on 
tion of area for both groups, 7 and 8, were in general 


slightly less than for the plain plates. 
For the A.S.T.M.A-7 steel plate with 


weld beads parallel to the stress, weld 


beads machined off, there was a 


significant increase in yield point as 


compared with the plain plates but 
the ultimate strength was only slightly 


greater than for the plain plates. 
There was also a slight improvement 
in the per cent elongation when the 


beads were removed as compared with 


specimens with the weld beads left on. 
For the Bessemer steel plate with 
weld beads transverse to the stress, 


weld beads machined off, there was no 


significant change in static tensile 


properties as compared with the plain 


plate except that the per cent elonga- 


Stress «7 of /b. per 59. fn. 


tion was reduced to 20° of the 


Beads off 


value obtained with plain plate. A 
similar indication was shown for 


Ti 


Group X specimens in which the 


Cycles for Failure 


oMicro switch did not werk 
© Did ret fail 


Fig. 8 
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weld beads were left on but there was 
a slight reduction in the yield point 
for the Group X specimens. 

The effect of strain-aging on the 
static tensile properties of both the 
A.S.T.M.-A7 and Bessemer steel was 


Stats CO 


439-s 


2o 
teoo 4 
a 
| 
pe 
Beads on £0.26 
1946 


Table 6—Summary of Static Tests 


Plates Without Welds 


R.A 


US. El. 


Rolling Direction vs. Stress VP. 


Series 


Group 


US. El. R.A. 


Rolling Direction vs. Stress 


Series 


Group 


Bessemer Steel 


Steel 


A 


58.6 52.7 


42.8 


13 


Specimens with Welds—A.S.T.M.-A7 Steel 


AMT 


< 
$5 
MH 
OD 
No 
ADP 
> 
SR 
2 NON A 
= 
6| © 
= 
> 
a5 % 
BES 
as 
n 
BES 
A 
fm 
Ao ZZ 
$5.3 39 
Eg 


70.9 19.4 40.1 


41.4 


Plug welds 


Specimens with Welds—-Bessemer Steel 


58.7 


5.7 


Specimens Strained 2% and Aged 100 Hr. at 150° F. Weld Bead on Both Sides Machined Off 


59.3 


40.5 


Ay 


A.S.T.M.-A7 Steel 


64.0 75.7 


Bessemer Steel 


50.6 


11.3 


61.6 68.0 


shown to be an increase jn 
yield point of about 8000 to 
10,000 psi. beyond the stress 
required to produce a residual, 


longitudinal strain of 2%. The 
ultimate strength was jp. 


creased slightly for the As. 
T.M.-A7 steel and was jin. 
creased to a considerable ex. 
tent for the Bessemer stce] as 
a result of strain-aging. The 
values of per cent elongation 
and reduction of area for the 
only specimens, the Bessemer 
steel, for which these values 
were obtainable were not sig- 
nificantly different from the 
similar values for specimens 
not strain-aged. 


5. Discussion of the Data 
from Fatigue Tests 


The results of fatigue tests 
are given in terms of the num- 
ber of cycles to failure in Tables 
2, 3, 5 and 7 and in the chart 
of Fig. 35. The. fatigue 
strength at */, million cycles 
was determined from the data 
given in Figs. 3 to 19, either 
from the S-N curve, when 
available, or from an assigned 
valueofK. The fatigue 
strength data are given in 
Table 10 for '/, million cycles 
since at this number of cycles 
there was a minimum of error 
in conversion of the data to 
fatigue strength. 

Table 2 shows that for the 
plain plates of A.S.T.M.-A7 
steel without welds, Group 11, 
it was not possible to obtain 
many failures located within 
the gagelength. This was true 
even when resort, was made 
to peening of the transition 
area at the specimen edges, 
from the radius to the section 
of constant width, in an at- 
tempt to prevent failure out- 
side of the gage length. For 
Group 12 with therolling direc- 
tion transverse to the stress it 
was not possible to obtain any 
fatigue failure within the gage 
length, therefore no reliable 
average value can be assigned. 
A similar situation is true for 
the Bessemer steel, Group |: 
specimens; therefore, these 
averaged values have been des- 
ignated mean values to dis- 
tinguish them from averages 
of acceptable values for spec'- 
mens which failed within the 
gage length or outside of the 
gage length at a greater num- 
ber of cycles than the mini- 
mum for specimens which 
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Group 


| 


PLates WiTHOUT WELDS 


A.S.T.M.-A7 Steel 
Rolling No. of 

Direction Cycles to 

vs. Stress Failure Group Series 


P 354,037 13 E 
(277,567) 


SPECIMENS WITH WELDS 


— Bessemer Steel 
Rolling 
Direction 
vs. Stress 


Table 7—Summary of Fatigue Tests of All Specimens Tested on a Cycle of 0 to 45,000 Psi. Tensile Stress 


No. of 
Cycles to 
Failure 
(518,800) 


——No. of Cycles to Failure-—— ~ 
——Beads Off 


Weild Rolling —Beads Left On— 
Welding vs. Direction Single Double 
Temp. Stress vs. Stress 


A.S.T.M.-A7 Steel——— 


271,000 140,000 
136,630 229/200 


Plug welds es P 


Bessemer Stee] ——_——— 


T T 
1/4 P +P 
T P 39,130 


Single 
Bead 


339,100 
426,000 


55,360 


———A.S.T.M.-A7 Steel. Specimens Strained 2% and Aged 100 Hr. at 150° F.———--— — 


N T P 


Bessemer Steel——— 


E odd 1/, N T T 
E even /, N T P 


Double 
Bead 

368,700 
359,300 
234,500 
211,100 
255,500 
199,700 
192,900 
311,200 


311,300 
308,700 


297 ,400 


466,450 
258,000 


defect and which broke in the gage length or outside of the gage length of a greater number of cycles than the minimum for any specimen 


which broke in the gage length. Values in parentheses are mean values for specimens which failed outside of gage length. 


SERIES D 


| 


xx 
= 
Cy</es for failure (2 


erse Po Stress 
Cyches tor far‘lare 


Seo 


lee 


Le/ling Brecstion Paralle/ to Stress 


— 
——_+4 


Seads on 


Without s 


Beads on 
o Di nel fail 


8 


Figs. 10 and 11 


FATIGUE STRENGTH OF WELDED JOINTS 


Lerechion Jransy 
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; 
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Electrod 
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10° F. P 99,950 
N _ P 50,500 : 
1/4 10° F. = P 59,000 
10° F. T 
Stressed 
$$ $$ 
. Note: Number of cycles given in.table are average of all acceptable values of a series, i.e., for specimens which contained no | ; 
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failed within the gage length. The initial values 
established by fatigue tests of plain plates tested on a 
cycle of 0 to 45,000 psi. tensile stress are as follows: for 
A.S.T.M.-A7 steel 354,037 cycles and 277,567 cycles for 
the rolling direction parallel and transverse, respectively, 
to the stress, and for the Bessemer steel 518,800 cycles 
with the rolling direction transverse to the stress. There 
were no plain plates of Bessemer steel available to deter- 
mine the number of cycles for specimens with the rolling 
direction parallel to the stress. 

The corresponding average fatigue strength from Table 
10 for A.S.T.M.-A7 steel plates without welds was 41,600 
and 42,500 psi. with the rolling direction, respectively, 
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parallel and transverse to the stress. For the plain plates 
of Bessemer steel with the rolling direction transverse to 
the stress, the average fatigue strength at '/, million 
cycles was 44,000 psi. 
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The chart of Fig. 36 gives the comparison of fatigue 
strength at 1/2 million cycles and the ultimate tensile 
strength of identical specimens. The trend of the data 
shown in Fig. 36 is similar to the trend shown in Fig. 35 
for the comparison of the number of cycles to failure and 
the ultimate tensile strength. The difference between 
the various specimens of a series or between the series 
themselves is much less marked in Fig. 36 than in Fig. 35. 
The data given in Fig. 36 were further evaluated in 
terms of two ratios, the values of which are given in 


Table 11. Ratio A was defined as the ratio of the fatigue 
strength of the welded specimens to the fatigue strength 
of the corresponding plain plates of the series, both at 
'/, million cycles. Ratio B was defined as the ratio of 
the fatigue strength at '/; million cycles to the ultimate 
strength of identical specimens. Ratio A is an indicator 
of the effect of welding upon the fatigue strength. The 
high values of ratio A for welded specimens with beads off 
are especially noteworthy and indicate that the loss in 
fatigue strength was generally less than 10%. Only two 


Table 8—Vickers Hardness Numbers of Welded Specimens 


Hard- 
ness 
Series ———Unaffected——~ Heat Affected 
No. 


No. Ambient 
Electrode of Welding 
Group _ Series Diam. Beads Temp. 


1 A 


Spec. 
No. 
A5-2-3 


B 


B4-1-2 


Cl1-1-2 


C6-1-2 


D2-4-5 


G2-4 


G6-5 


H2-3 
H2-4 


H4-3 


H5-4 


F1-3 
F2-3 
E2-3-4 


Plug welds 1 in. diam. 


2 N 


E3-3-4 


1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
1 
2 
1 
2 
3 
1 
2 
3 
1 
1 
1 
2 
3 
1 
2 
3 


Base Metal 
Vickers Hardness ——Weld Metal— 
Vickers Hardness 
Max. Min. Max. Av. 

222 173 184 

229 187 195 185 
211 181 198 
143 160 189 201 
136 161 206 207 
im 185 213 
150 163 166 210 
146 156 158 193 180 
160 192 
152 168 152 166 
151 158 155 173 

151 161 

153 160 153 167 
150 165 157 185 

150 179 
142 157 183 195 
142 160 


Min.“ Max. Av. 


142 160 150 
140 160 


200 


175 189 
160 182 f 178 194 
167 172 167 179 

156 195 
151 163 145 155 

153 162 
145 150 139 147 

139 140 
142 153 145 153 
140 151 130 145 

130 151 
137 156 149 157 
135 155 145 161 

150 158 
157 168 147 172 
152 160 f 182 
125 143 3¢ 159 
112 135 , 146 

151 
124 2 «152 
123 165 

163 
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Table 9—Results of Measurement of Weld Beads ad\ 


Spec. No. of 
Group Series No Beads h, hy Wi We pi pes 
1 A A-5 2 0.078 0.063 0.325 0.313 0.063 0.068 
A-7 2 0.102 0.088 0.338 0.362 0.053 0.085 
A3-4 2 0.068 0.080 0.360 0.350 0.065 0.058 
Av. 2 0.083 0.077 0.341 0.342 0.060 0.070 
2 B B-4 2 0.066 0.063 0.345 0.338 0.075 0.053 
B-6 2 0.062 0.058 0.348 0.345 0.068 0.070 
B1-3 2 0.092 0.068 0.322 0.303 0.062 0.048 
Av. 2 0.073 0.063 0.338 0.329 0.068 0.057 
3 Cc C-1 2 0.120 0.120 0.648 0. 550 0.115 0.116 
| C6 2 0.110 0.140 0.630 0.618 0.095 0.095 
: Av. 2 0.115 0.130 0.639 0. 584 0.110 0.110 
ag 5 D D-5 2 0.118 0.120 0.520 0.515 0.089 0.073 : 
: D-2 2 0.138 0.110 0.510 0.530 0. 105 0.095 
Oh D-4 2 0.112 0.138 0.468 0.550 0.110 0.112 
iP Av. 2 0.123 0.123 0.498 0.532 0.101 0.093 ‘ 
if 7 G G2-4 1 0.120 0.568 0.098 : 
G3-5 1 0.108 0.555 0.095 
4 G2-3 1 0.172 0.575 0.094 i 
Av. 1 0.133 0.565 0.096 
2 7 G G6-5 2 0.150 0.125 0.710 0.578 0.100 0.088 t 
2 G5-3 2 0.146 0.125 0.620 0.562 0.080 0.069 ‘ 
i G4-3 2 0.130 0.105 0.570 0.577 0.077 0.082 , 
e Av. 2 0.142 0.118 0.630 0.572 0.086 0.080 
H H2-3 1 0.140 0.575 0.110 
H2-4 1 0.140 0.563 0.145 
og Av. 1 0.140 0.569 0.127 
ee, 8 H H4-3 2 0.128 0.127 0.572 0.510 0.135 0.095 
cf H5-4 2 0.121 0.118 0.527 0.547 0.118 0. 125 
H6-4 2 0.115 0.132 0.480 0.530 6.113 0.145 
i, Av. 2 0.121 0.126 0. 526 0.526 0.122 0.132 
: 10 E E-2 2 0.125 0.125 0.678 0.600 0.112 0.086 
we E-4 2 0.130 0.140 0.660 0.536 0.073 0.083 
‘ E-3 2 0.136 0.145 0.665 0.550 0.097 0.073 
: E-7 2 0.128 0.148 0.620 0.645 0.088 0.073 
é Av. 2 0.130 0.140 0.656 0.607 0.093 0.079 
= Notss: h is the height of bead above plate surface. 


w is the width of bead at plate surface. 
is the depth of bead from plate surface. 
bscripts 1 and 2 refer to beads on opposite sides of plate. 


series, CT and F, had a reduction of fatigue strength = 
greater than 10% and were, respectively, 14 and 11% ae 
lower than the corresponding plain plate. The Series A, 2 
B and H (single bead) were exceptionally high. Band-We 
Se The values of the ratio A for the welded specimens, 
Fatigue Strength in 1000's Psi — 
Plates -————-Bead-Welded Specimens 
ee Without No. Beads Beads ‘ 
: 4 se Welds, of Left On, Removed, 
Series Col. 1 Beads Col. 2 Col. 3 
4 A 40.5 (0.09) 2 33.0 (0.19) 44.0 (0.09 
Beads on. B 42.0 (0.09) 2 31.5 (0.23) 44.0(0.11 
> BT 42.0 (0.09) 
43.0 (0.09) 2 25.0 (0.25) 39.0 (0.16 
3 cr 2 37.0 (0.16 
D 2 27.5(0.24) 42.0 (0.13 
DT 2 39.0 (0.13 
3 F 39.0 (0.09) x ion 34.5 (0.12 
G 42.0 (0.09) 1 38.0 (0.22) 41.0 (0.12 
2 33.0(0.26) 41.0(0.12 
H 43.0 (0.09) 1 32.0 (0.22) 43.0 (0.12 
2 37.0 (0.26) 42.0 (0.12 
ET 44.0 (0.12) 2 42.0 (0.14 
“ 2 27.0 (0.22) 43.0 (0.11 
beads off Pon 
Notes: 1. The K values which were obtained from the S-\ 
be tit curves or assigned are given in parentheses following the value of 
as 7 fatigue strength. 
2. The T following the series letter indicates that the specimen- 
a A " were tested with the rolling direction transverse to the stress. 
on es 
Fig. 19 
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bea 


beads on, are of interest. The ratios indicate that the gressively more effective in reducing fatigue strength 
adverse geometry of the weld reinforcement became pro- when the weld bead was oriented transverse to instead of 
parallel to the stress and as the size of the welding elec- 
trode for the transverse beads was changed from '/, to '/, 
in. diameter. 


2 


+ + t 
or | 2 
i7 
alt c ; a 
> 
200r- 
2 RIES 3 
\ 
| 
140} c! 8 


SPECIMEN Ci-!i-2 


\ 
5 i 
SERIES | 
| 
' SERIES | 
=! 


HARD) 


= = 


| 
\ 
— 


i 


SPECIMEN C6-i-2 


FATIGUE STRENGTH OF WELDED JOINTS 445-s 


| 
Fg. 20 | 
Fig. 22 3 
3 
4 ia | 
4 + 
\ 
Fig: 21 Fig. 23 
1946 


4 


were 


The ratio B is useful for comparison of results of the 
fatigue tests if it is borne in mind that, in general, the 
welded specimens had higher ultimate strength than the 
plain plates. The only exception to the generalization 
was Series B with beads off, for which, as a consequence 
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of the lower ultimate strength, the ratio B was unusually 
high. In general, the ratio B for the plain A.S.T.\{ -47 
steel plates was 0.60; for the welded plates with beads 
off the ratio had a range of about 0.50 to 0.60, while for 
the specimens with beads on the ratio was less than ().50. 
The Bessemer steel specimens had somewhat higher 
values of ratio B than the A.S.T.M.-A7 steel except for 
the welded specimens with beads on for which the ratio 
was approximately the same for the two series. 
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The data given in Table 10 indicate that there was a 
slight reduction in fatigue strength when the rolling 
direction of the welded specimens of A.S.T.M.-A7 steel 
was transverse rather than parallel to the stress as shown 
in the comparison of Series C and CT and Series D and 
DT. However, the maximum difference of 3000 psi. 


between Series D and DT is not significant and further- 
more, the difference may be a consequence of the smaller 


VICKERS HARONESS NUMBERS 


SPECIMEN G2-4 


ss 


5s 


VICKERS HARDNESS NUMBERS 
3 


o 


8 


number of specimens tested in Series DT than were 
tested in Series D. A smaller number of specimens 
were also tested in Series CT than in the corresponding 
series with the rolling direction parallel to the stress. 

The Series F specimens, having plug welds, were the 
only series which were significantly lower in fatigue 
strength when compared with other series in which the 
external geometric stress raisers had been removed. 

The most significant reduction in fatigue strength was 
caused by the external geometric stress raiser, the weld 
beads which were left on. For the A.S.T.M.-A7 steel 
specimens’ the magnitude of the reduction in fatigue 
strength increased in the order: Series G and H, Series 
A and B and Series C and D. 

The fatigue strength of the Bessemer steel as shown in 
Table 10 was not significantly different from the corre- 
sponding series of the A.S.T.M.-A7 steel. However, there 
was a fairly consistent but slight advantage of about 2000 
psi. higher fatigue strength for the Bessemer steel. The 
favorable fatigue behavior of the Bessemer steel is quite 
remarkable in view of the lower carbon content and the 
lower ultimate strength of the Bessemer steel as com- 
pared with the A.S.T.M.-A7 steel. The Bessemer steel 


VICKERS HARDNESS NUMBERS 


Q 


VCKERS HARDNESS NUMBERS 


2 


FATIGUE STRENGTH OF WELDED JOINTS 


| 
+14 
| 
| 
| 
SPECIMEN G6-5 SPECIMEN H2-4 me 
| Fig. 32 
1946 447-s 


also showed in Table 10 no significant difference in _ would not be expected that the fatigue strength would be 
fatigue strength for Series ET and E with the rolling less for the strain-aged specimens than for specimens 
direction, respectively, transverse and parallel to the not strained and aged. 

stress. 


7. Discussion of Results of Weld-Bead Measurements 
6. Discussion of Data on Strain Aging and Vickers Hardness Surveys 


For the A.S.T.M.-A7 steel of which only the D series Weld-bead measurements were made to determine the 
was tested in the strained and aged condition, the data of height, width and penetration of the weld bead or beads 
Table 4 show that the yield point was increased approx- on representative bead-welded specimens. The results 
imately 8000 psi. over the stress of approximately 57,000 of these measurements are given in Table 9. The height 
psi. required to produce the 2% permanent elongation. of the beads above the rolled surface was measured under 
The ultimate strength was also increased by about 3000 the microscope and the value obtained, in inches, is 
psi. due to strain-aging. From the limited number of shown under the column headings h; and fy. The values 
fatigue tests made on the specimens from Series D the under /; are for the bead weld on one side of the plate 
data show that the specimens in the strain-aged condition while the h, values are for the bead on the opposite side 
were about the same as before straining. of the plate. Similar values for the width of the beads 
For the Bessemer steel of Series E, strain-aging in- and for penetration are given under the respective head- 
creased the yield point approximately 8000 psi. over the ings w;, we and py, po. 
stress of about 54,000 psi. required to produce the 2% With the data of Table 9 a comparison can be made of 
permanent elongation. The ultimate strength was also Series A and B for bead welds made with the '/s-in. elec. 
increased by about 8000 psi. due to strain-aging. The trode at normal temperature and at 10° F., respectively. 
data from fatigue tests show that on the average strain- The B series show slightly smaller values than A series 
aging the specimens did not change their behavior in throughout except for p, where the B series has a higher 
fatigue as compared with specimens tested without value. A comparison of the C and D series for bead 
strain-aging. However, the few specimens of the Series welds made with the '/,-in. electrode at normal tempera- 
E which were tested in the strained and aged condition ture and 10° F., respectively, also shows the D series had 
show a larger number of cycles than for the unstrained slightly lower values than the C series. 
specimens when the cycle was 0 to 45,000 psi. tension and A comparison of Series C transverse welds and Series G 
the rolling direction was transverse to the stress. When longitudinal weld beads on both sides, both made with 
the rolling direction was parallel with the stress the un- the '/,-in. electrode at normal temperature shows the G 
strained specimens gave a larger number of cycles than series had lower values except for 4;. The G and H 
the specimens which were strain-aged. series, with weld beads on one side only, were welded 
The number of strain-aged specimens tested in fatigue under the same conditions except for a 10,000 psi. tensile 
were too few to establish conclusive data. The data _ stress during welding of the H series. Under this condi- 
from static tests, however, definitely established the in- tion the H series had slightly larger values throughout. 
creased yield and ultimate strength resulting from strain- The comparison of Series G and H with beads on both 
aging. In view of the increase in static strength it sides shows higher /2, p; and pf, values for the H series 
but lower /,, w; and w, values for the H series. 
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A comparison of the A.S.T.M.-A7 and Bessemer steel 
can be made on A.S.T.M.-A7 steel of Series C and the 
Bessemer steel of Series E welded under the same condi- 
tions. For Series E higher values were obtained for /, 
ho, W; and w, but p: and 2 are lower than for the C series. 

The data from Vickers hardness surveys are shown in 
Table 8. The effects of welding with the '/;-in. electrode 
at normal temperature and at 10° F. are shown in a com- 
parison of Series A and B, respectively. An increase in 
the maximum hardness of the heat-affected base metal 
and of the weld metal resulted from the lower welding 
temperature but the increase of about 15 Vickers units is 
not a large one. A comparison of Series C and D for 
bead welds made with the '/,-in. electrode at normal 
temperature and at 10° F., respectively, shows no 
significant effect of the lower temperature. 

The Series G specimens compare favorably with the C 
series which were weided in the same manner with a '/,- 
in. electrode. The Series H specimens, welded under 
10,000 psi. tensile stress showed a decrease in the maxi- 
mum hardness of the heat-affected base metal and of the 
weld metal as compared with the similar G series or the C 
series. The plug welds, Series F, show reasonably good 
checks for the hardness numbers and a narrow range in 
weld metal hardness. The Series E specimens show 


exceptionally low maximum hardness in the heat-affected 
base metal. 


8. Summary 


The plain plates of A.S.T.M.-A7 steel had a higher 
Static ultimate strength than the Bessemer steel plate. 
For some plates of the A.S.T.M.-A7 steel (Table 6) the 


yield point was slightly less than that for the Bessemer 
steel. 
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For all specimens with welds, the ultimate tensile 
strength was greater than that of the plate without welds. 
The only exception was Series B when the weld beads 
were machined off. For the longitudinal welds of Series 
G and H the increase in ultimate strength was a maxi- 
mum. 

As shown by the data in Table 10, the average fatigue 
strength of all of the welded specimens of A.S.T.M.-A7 
and Bessemer steels was not significantly different from 
the average fatigue strength of the corresponding plain 


Table 11—Summary of Fati 
Welded 


e Ratios of Plain Plates and 
pecimens 


Plain No. 

Plates, of ——Beads On——  — 
Ratio B Beads RatioA Ratio B 
0.59 2 0.81 0.48 

64 
61 2 
63 2 : 35 0.91 
0.86 
2 0.98 
0.91 
0.89 
0.98 
0.98 
1.00 
0.98 
0.96 
0.98 


Beads Off- —~ 
Ratio A Ratio B 
1.09 


Series 


45 l 


O5 


The T following the series letter indicates that the speci- 
mens were tested with the rolling direction transverse to the stress. 
Ratio A is the ratio of the fatigue strength at '/, million cycles of 
the welded specimens to the fatigue strength at '/; million cycles 
of the corresponding plain plates of the series. 
Ratio B is the ratio of the fatigue strength to the ultimate 
strength of identical specimens. 
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C 0.52 
CT 0.59 3 
D 0.54 
DT 0.49 
F 0.56 
G 0.55 
H 0.57 ; 
H 0.69 
ET 0.72 


plates when the weld beads were removed. The only 
exception was Series F, for specimens containing plug 
welds, which had a fatigue strength approximately 5000 
psi. lower than the corresponding plain plates. 

A large and significant loss of fatigue strength is shown 
in Table 10 for Series C, D and E when the weld beads 
were left on. The adverse geometry of the weld bead, 
left on, appeared to be lessened by reducing the size of 
the weld bead or by making the weld bead parallel rather 
than transverse to the stress, which is shown by the less 
serious loss of fatigue strength of Series A, B, G and H. 
The external geometric stress raiser, represented by the 
weld beads left on, appeared to be more effective in reduc- 
ing fatigue strength than any metallurgical factors intro- 
duced in welding. 

From Table 11 the values of ratio A indicate that with 
the exception of Series CT and F, it was possible to realize 
upwards of 90% of the fatigue strength of the plain plates 
when the transverse weld beads were removed from 
specimens of A.S.T.M.-A7 steel welded at room tempera- 
ture or at 10° F. or welded under tension with the weld 

- bead parallel to the stress. For the welded specimens of 


Bessemer steel there was a maximum reduction of on] 
4% below the fatigue strength of the plain plates when 
the beads were removed. 

The fatigue strength shown in Table 10 for the Series A 
and B specimens which were welded with the '/,-jn. 
diameter electrode was slightly greater than for the Series 
C and E specimens which were welded with the '/,-in. 
electrode. This slight superiority of the Series A and RB 
specimens existed for tests with and without the weld 
beads left on. 

There were too few specimens available to determine 
conclusively the effects of the one chosen condition of 
strain and aging upon fatigue, but the results obtained 
show no significant effect. The yield point and ultimate 
strength are clearly shown to have been increased by the 
conditions of strain and aging employed. 

A direct comparison of the fatigue tests of Project Nos, 
1 and 3 is possible for the specimens of Project No. 1 
which had beads welded on both sides and from which the 
beads were removed. These specimens had a fatigue 
ratio of 0.905 while the similar specimens of Series C, 
Project No. 3, had a ratio of 0.910. 


Crystal Strength’ 


By Captain Robert D. Conrad, U.S.N.! 


TURN now to a highly significant endeavor which is 

of fundamental importance—the increase in the 

strength of metal. During the past few decades, the 
strength and other qualities of metals have been con- 
siderably increased by new alloys and heat-treating 
techniques. This has been done without a satisfactory 
understanding of the physics of metals, and one might 
justifiably say that we have been dealing in the arts 
rather than the sciences. As a matter of fact, there are 
reasons to believe that the characteristics of metals may 
be improved by factors of one hundred or possibly even 
one thousand. 


A metallic crystal is a geometrical array of atoms form- 
ing a crystal lattice. The atoms are in continuous vibra- 
tion about their neutral points, and the energy of this vi- 
bration accounts for the heat energy contained in the 
crystal. A certain amount of heat must be added per 
gram of crystal for each degree of rise in temperature. 
This is the specific heat, and it varies with the tem- 
perature. 


If one assumes that the vibration is such that the re- 


* These remarks are taken from a lecture delivered at the U. S. Navy 


Postgraduate School, Annapolis, Md., on May 23, 1946. The lecture con- 
sisted of a rapid survey of selected research problems in all fields of science, 
in order that the students might appreciate the increasing importance of re- 
search to the Navy. The following excerpt on crystal strength was selected 
by the Editor as of particular interest to readers of this JouRNAL. 

t Director, Planning Division, Office of Research and Inventions, Navy 
Department, Washington, D. C. 


storing forces are proportional to the displacéiiiént of the 
atom from its neutral position (Hooke’s law), and if one 
also assumes that the proportionality constant is the 
same as Young’s modulus, then the specific heat as a func- 
tion of the temperature can be predicted by quantum 
statistical calculations. This has ‘been done by Einstein, 
Debye and others, and the law of specific heat has been 
quite accurately verified by experiment. Thus it appears 
that our assumptions are true; that is, the forces on the 
atoms obey Hooke’s law and the elastic constant of atom 
displacement is the same as the elastic constant for the 
metal as a whole. 


These atomic elastic displacement forces operate for at 
least one-tenth the distance between successive atoms. 
A perfect crystal structure should therefore elongate elas- 
tically one-tenth of its length before reaching the yield 
point. Comparing this with the relatively slight elastic 
elongations of actual metals, we can conclude only that 
there must be weak links somewhere in the crystal chain. 


This has led to a number of theories, all postulating 
imperfections of one sort or another in the crystal lattice. 
Many investigators have attributed the low strength of 
metals to stress concentrations at the base of submicro- 
scopic cracks, lattice dislocations or other irregularities in 
the crystal lattice. Present investigations are centered 
about a determination of the origin, propagation and 
possible elimination of harmful irregularities. 


Other theoretical considerations lead to the same con- 
clusion: that metals are only one-hundredth to one- 
thousandth as strong as they should be. When it is 
realized that a thirty-ton weight might be lifted by a steel 
wire one-sixteenth of an inch in diameter if the full the- 
oretical strength of the wire could be achieved, the pos- 
sible implications fairly stagger the imagination. 
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Introduction 


in welded merchant vessels was the presence of 

residual stresses resulting from the welding proc- 
ess. It was apparent that this was one way in which 
welded ships differed from those which were riveted. 
Since very little study had been made of residual stresses 
in welds of any kind, and almost none in large weldments, 
it was apparent that most of the beliefs which existed re- 
garding the presence and effect of residual stresses in 
large structures were based only on theories with almost 
no facts available to substantiate them. 

Various shipyards throughout the country prescribed 
different welding sequencest for welding similar or 
identical subassemblies. In many cases the yards were 
certain that their particular sequence gave less residual 
stress than those used by other yards. In no case was it 
found that they had any appreciable amount of factual 
evidence to support their claims. 

A survey of the literature up to 1943 makes it apparent 
why the shipyards did not know what stresses resulted 
from the sequences they were using. The paucity of re- 
liable information regarding residual stresses resulting 
from welding was almost unbelievable. Probably the 
most common configuration of plates found in ship- 
building results in two butt welds intersecting at right 
angles. Yet the investigators were unable to find any 
reference in the literature to any investigation of the 
residual stresses in this type of weldment. 

A very comprehensive review of the literature up to 
1937 was made by Spraragen and Claussen.f An ex- 
amination of the material contained in this excellent 
review leads one to the conclusion that very little that 
has been done in the past is of any practical value to the 
shipyards in helping them select the best sequence from 
the residual stress viewpoint. 

There are several reasons why this conclusion is justi- 
fied. One is that a considerable amount of the work 
done previously has been done incorrectly. Several 
investigators have failed to take Poisson’s ratio into 
account in converting biaxial strain into biaxial stress. 
Others have used incorrect methods of measurement. 
Another reason is that certain investigators have re- 
ported values of residual stress which appear to be highly 
improbable. § 


()® of the reasons advanced to explain the failures 


* Associate Professor and Assistant Professors, respectively, of Mechanical 
Engineering, University of California. 

Tt “Welding sequence” is defined in the Handbook of the AMERICAN 
Wetprno Soctrery as “the order of welding the component parts of a struc- 
ture." The sequence must, of course, give reasonable freedom from distortion 
and shrinkage. 

t Spraragen, W., and Claussen, G. E., “Shrinkage Stresses in Welding, A 
Review of the Literature to January 1, 1937," Tas Wetprnc JourNnat, 16 fin), 
Supplement 2-62 (1937). 

Bollenrath reported residual stresses as high as 135,000 psi. in low-carbon 
Plate. It is difficult to conceive how these stresses could greatly exceed the 


yield strength of the weld metal. 


Residual Stresses in Intersecting 
Butt Welds 


By E. Paul DeGarmo,* J. L. Meriam* and Finn Jonassen* 
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A third reason is that no work appears to have been 
done on intersecting butt welds. 

Fourth, the specimen size used by most experimenters 
was.very small in comparison with weldments found in 
shipbuilding. Specimens 6 x 10-20 in. and made of 
quite thin plates were common. ‘The conditions of heat 
capacity, heat flow, and restraint are very different from 
those existing in shipbuilding. As a result, the stress 
distribution in a small specimen is not the same as in a 
large specimen. 

The net effect is that the existing literature was of 
little value except to establish that the maximum stress 
existing longitudinally in a butt weld approximates the 
yield strength of the metalin the weld. The longitudinal 
stress is always tension, The transverse stress may be 
tension or compression and may be of almost any magni- 
tude, up to the yield strength of the weld metal, depend- 
ing upon the degree of restraint. Other than sub- 
stantiating these accepted results, the literature is most 
helpful in pointing out mistakes which have been made 
and should be avoided. 

Since it was desired that information regarding 
residual stresses which would be directly useful to the 
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All three passes of each increment completed before pro- 
ceeding to following increment. Each increment allowed to 
cool to less than 150° F. before next increment was welded. 
All increments 6 in. in length unless otherwise noted. 


Welding Sequence: 
Deposit passes 1] T to 24 T 


Chip center 

Deposit pass 25 T 

Turn 

Deposit passes 1 U to 24 U 
Chip center 


Deposit pass 25 U 
Fig. 1—Welding Sequence, Panel 7 
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WELOING RESEARCH 
PANEL 6 


Fig. 2—Panel 6 
tersecting Butt Welds) 


shipyards should be obtained as quickly as possible, it 
was decided that studies should be made of the residual 
stresses in XJA deck panels of C-4 troop transports. 
These particular panels were selected because they used 
relatively thick plate (*'/s: in.), were large (27 x 57 ft.) 
and were constructed in considerable quantities at an 
available shipyard.* It was proposed that the effect of 
different sequences be studied in these panels. These 


* Richmond Shipyard No. 3 of the Kaiser Company, Inc. 


with Gages Attached and Numbered. (Residual Stresses in In- 


were to be regular production panels 
and were to be used on ships after the 
tests were completed. Since holes 
had to be cut in the panels in order 
to measure the residual stresses, it 
was desirable to locate gages only at 
critical points so as to minimize the 
cost of repair. For this reason a 
series of preliminary panels was in- 
vestigated so as to obtain an idea of 
what might be expected in the large 
panels and to make it possible to 
locate a relatively small number of 
gages with assurance of covering the 
critical locations. 

This paper deals with the six pre- 
liminary panels, 6 ft. x 8 ft. x *"/s. 
in., and five XJA deck panels which 
were investigated. 


Procedure 


Details of the preparation and 

welding of the six preliminary panels 

are shown in Table | and Fig. 1. 

, The welding sequences which were 

used are also indicated in Table 1. 

Each was composed of four pieces of ordinary ship- 

quality steel plate, 3 ft. x 4 ft. x 1 in. All were 

welded at Richmond Shipyard No. 3 in Richmond, Calif. 

The Yard's workmen were used, with all work followed 
in detail by one or more engineers from the project. 

In preparing and welding the panels it was kept in 
mind that the quality of the workmanship should be good, 
but not beyond that which could be obtained in any 
shipyard where good supervision and control are exer- 


Table 2—Details of Preparation and Welding of XJA Deck Panels 


sac 
| O-1/82| 17 _ 1T | 1050 | 32 ave comp 


then center toward edges, bottom side. 


27°x67'xl" | 


0-1/32 


1060 | 32 
Topside 1B 


123 (2) Topside of panel completed first. 
side made from center toward edges. 
Seams on bottom side made from butt toward ends. 


Butt, from center, seam toward edges. 


| 


Yi 0-1/16 180 
Both sides 1B 240 
330 


340 


10.5 £-6010| Same sequence as A. Wash bead used. - See Pig. 12 
12.4 /32 E-6010 
9.5 1A E-6012 


9.5 1A B-6012 


27*x67'xl" | 


0-1/32 


12 1050 | s2 


Topside 1B 


123 (2) 
Turned and bottom side welded. 


from end to end. See Fig. 15 


All welds mde 


27'x6P x1" | 


dso | 32 


0-1/32 


Same as panel D except regular deck beams added 
after first side welded. See Pig. 15. 


128 (2) 


(1) U = Untonmelt; 
(2) Linde Wo. 36 - 3" Electrode - Unionmelt Flux No. 20-200 . 
All plates were restrained from lifting, but were free to move in the plane of the plate. 
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See Pig. 12. 


All welds on top- 
Panel turned. 


See Pig. 12. 


27* and 3O* halves welded on one side, then joined. 
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cised and truly qualified welders are employed. In 
other words, the workmanship on all panels should be 
good, but not free from minor defects which might be 
expected in such welding. In general, the customary 
procedures of the Yard regarding fit-up, tacking, voltage, 
current and dogging were employed. Due to the close 
supervision which was exercised, the resulting weldments 
were undoubtedly somewhat superior to those obtained 
in normal shipyard production. Each step in preparing 
and welding the panels was noted and recorded, Table 1 
contains most of this information. 

In all cases the plate edges were prepared by flame 
cutting. The four pieces were then fitted together. 
When necessary, the edges were ground to give the re- 
quired root spacing. A floating strong back and wedges 
were used when necessary to aid in the fit-up. The 
pieces were then tack welded so as to form the complete 
panel, using 2-in. tacks on 12-in. centers. Tack welds 
were made at the outside edges and the center of each 
seam. Run-off tabs were used at the beginning and end 
of each weld. Panels 3 and 10 were not restrained in any 
manner. Panels 5, 6, 7 and 8 were held with wedges so 
as to prevent vertical motion but allow motion in the 
plane of the plate. 

After tacking was completed, each panel was marked. 
The edges were marked A, B, Cand D, This marking 
is indicated in Table 1. The side on which the tack 
welding was done was marked 7, indicating “‘tack’’ or 
“top” side. The opposite side was marked U denoting 
“under’’ side. 

In all panels except No. 10, effort was made to keep the 
entire panel at uniform temperature, After the first 
weld was completed, the panel was allowed to cool until 


no part was above 155° F. before the next weld was 
started. 


Fig. 3 
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On all panels except No. 7, weld B-A on the T side was 
made first. Weld D-C was then made. On Unionmelt- 
welded panels 3 and 10 the second weld was superim- 


Fig. 4—Deck Panel XJA (Panel C), with Strongbacks Attached, 
Being Turned. (Residual Stresses in Intersecting Butt Welds) 
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posed on the first weld at the intersection. On hand- 
welded panels 5, 6 and’8 the first weld was chipped away 
at the intersection before the second weld was started. 

After welding was completed on the top side, the 
panels were turned over. The same welding procedure 
was then repeated on the under side. 

When the panels were completed they were placed on a 
truck and brought to the University of California. All 
lifting was done by means of two C-clamps and a sling. 
The clamps were attached to the A and B edges. The 
panels remained horizontal with the U side up throughout 
all handling after completion of welding until all the 
gages had been attached to the U side. 

When the panels were in the location where the gages 
were to be attached, they were supported continuously 
around the four edges and by a support in the center. 
The residual stresses were then determined, using the 
technique described in a previous paper.* All panels 
were supported at the four corners while the initial gage 
readings were taken. It was felt that this method of 
support would be most easily duplicated from panel to 
panel. Since the comparisons between panels were to 
be based on the averages of the stresses on the two sides 
of each panel, any effect due to bending would be 
eliminated. Figure 2 shows one of those panels with the 
gages attached. 

The XJA deck panels of the C-4 troop transports were 
composed of eight plates as shown in Figs. 3 and 4. The 
completed panels were 27 ft. 0 in. x 57 ft. 6 in. x **/3. in.,f 
weighing approximately 30 tons. The five panels tested 
were designated A, B,C, Dand E. Panels A, B, D and 
E were welded by Unionmelt, while panel C was welded 
manually. The welding details and procedures are 
shown in Table 2. The sequences used are shown at the 


* Meriam, J. L., E. Paul DeGarmo and Finn Jonassen, “‘A Method for the 
Measurement of Residual Welding Stresses,’ Tus JourRNAL, June 
1946 Supplement, pp. 340-s to 343-s. 

Tt The panels as tested were actually 2 to 6 in. larger than these dimensions 
so as to provide for trimming to final size. 
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Fig. 7 


bottom of Figs. 12 and 13. These sequences were 
selected so as to include some which various persons had 
thought would produce minimum residual stresses and 
others which appeared to be bad from the residual stress 
viewpoint. 

The plate edges were prepared in the plate shop by 
flame cutting to the contours indicated in Fig. 12. The 
eight plates were then located in approximate positions 
on an assembly platform so that the 27-ft. half and the 
30-ft. half of the panel would be fitted and the seams 
welded concurrently. All work was done by regular 
yard workmen under the direction of the research 
personnel. 

Each seam was fitted and tack welded. Special sad- 
dles and wedges were used to facilitate fit-up. All tack 
welds in connection with flanging were kept a minimum 
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Fig. 9 


of 12 in. from the joints. All seams were tack welded 
using 6-in. tacks on 15-in. centers with 5/s.-in. type E- 
6010 electrode. Tacking was done from one end of the 
seam to the other, proceeding in the same direction that 
was to be used for welding. After the tacking of a seam 
was completed, the saddles were removed. 

Before welding proceeded, six large concrete blocks, 
weighing approximately 2'/, tons each, were placed, 
three on each side of the seam. These blocks were 
placed along the center lines of the two plates with the 
centers of the end pairs 4 ft. from the plate ends. The 
third pair were at the centers of the plates. These 
blocks prevented the plates from lifting but allowed some 
motion in the plane of the plates. 

The welding data for all the panels are given in Table 2. 
Run-off and starting tabs, 6 x 6 x *'/s. in., were used on 
all welds. 

In the welding of panel A, after a weld was completed 
on the first or top side, it was necessary to turn over that 
portion of the assembly. Strongbacks were attached 
before this turning was done so as to prevent bending of 
the plates with consequent damaging or yielding of the 
welds. Channels, 3 in. x 12 in. x 25 Ib., were used as 
strongbacks. These were attached by saddles and 
wedges as shown in Fig. 3. Lifting tabs were attached 


to the edge of the assembly to permit lifting for turning 
as shown in Fig. 3. 
wedges were removed, allowing the strongbacks to rest 
on the saddles, leaving the plate unrestrained. The 
bottom side of the joint was then flame gouged. Welding 
was then done according to plan. 
again driven in to secure the strongbacks and the panel 
turned to permit fit-up for the next joint. 


After the assembly was turned, the 


The wedges were 


After the two halves of the panel were completed, four 


lifting tabs were attached to each half as shown in Fig. 3. 
The two halves were then lifted slightly and turned so 
the ends which were to make the butt joint were adja- 
cent. 


The inner ends of each half were then flame cut, after 


which the halves were fitted together and tack welded. 
The topside of the butt weld was then made. 
entire assembly was turned and the bottom side of the 
butt flame gouged and welded. 
the panels being turned prior to welding the bottom side 
of the butt. 


Next the 


Figure 4 shows one of 


In welding panel B, essentially the same procedure 


was followed except that it was not necessary to do any 
turning of plates until all welding was completed on the 
top side of the entire panel. 


Since panel C was welded with the same sequence as 
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panel A, it was handled identically. In, welding this 
panel three passes were deposited on each side of the 
double V-weld. The welding data are given in Table 2. 
The under side of the V was chipped back to sound metal 
before the first pass on this side was started. 

(Concrete blocks were used on panel C in the same man- 
ner as on panels A and B-to prevent the plates from 
lifting. 

For panels D and E a sequence of welding was selected 
which would be advantageous from the production view- 
point in that all seams and butts were welded from edge 
to edge. In all cases welds as long as possible were made 
so as to minimize set-up time of the machine. The 
welding sequence is shown in Fig. 13. All of the details 
regarding tacking, use of stiffeners for turning, and strain 
measurement were the same as those employed on panels 
A,BandC. Panel D was completed and strain measure- 
ments made without deck beams being attached. 

After the welding of the first (bottom) side of panel E 
was completed, the regular deck beams were attached in 
the locations shown in Fig. 13. These beams were 12-in. 
x 3-in. x 25.0-Ib. channels set on edge. They had been 
formed previously so as to provide the correct camber for 
the deck (approximately 12 in.). Camber blocks were 
placed under the XJA panel to provide this same camber 
so the plates and beams would mate properly. 

When the beams had been located they were “‘sniped”’ 
at the points where they crossed the seams. These 
“snipes’’ were of approximately 1'/2 in. radius. The 
beams were tack welded to the panel, going from inboard 
to outboard and starting at either side of the butt weld 
and going toward the ends of the section. The beams 
were to be attached by using 3-in. chain intermittent 


fillet welds on 12-in. centers. The tack welds were there. 
fore made at the locations of the final fillet welds. 

After tacking was completed, the final fillet welds were 
made. Two welders worked simultaneously, first weld. 
ing the beams adjacent to the butt, and then proceeding 
toward the two ends of the deck section. Each beam was 
welded from inboard to outboard. Adjacent to the 
“snipes,” the fillet welds were made 4 in. long and carried 
around the edge of the “‘snipe’”’ to make a continuoys 
weld with the fillet on the opposite side of the beam. The 
toe of the beam was welded first, then the heel. Tack 
welding was done with '/,-in. E-6012 electrode at 299 
amp. 

After the welding of the deck beams was completed, 
the panel was turned. Because of the camber, blocks 
and wedges were driven between the deck beams and the 
chill bars of the assembly platform so that the entire sec- 
tion would be supported as uniformly as possible. Weld- 
ing of the seams and butts on the second (walking) side 
was then carried out using the sequence shown in Fig. 13. 

When the panels were completed the run-off tabs 
(panels A, B, D and E) were removed. The gage loca- 
tions on the bottom side were laid out and ground. SR-4 
gages were then attached, using the technique described 
in a previous paper.* Strongbacks were then attached 
to both sides and the panel was turned over. After 
turning, strongbacks on the top side were removed. 
The wedges were removed from the strongbacks on the 
bottom side and the plate then rested on the strongbacks. 
Gages were located and cemented. When the cement 
had set sufficiently, the initial gage readings were taken 

* Meriam, J. L., E. Paul DeGarmo and Finn Jonassen, “A Method for the 


Measurement of Residual Welding Stresses,"" Taz Wetpinc JouRNAL, June 
1946 Supplement, pp. 340-s to 343-s. 
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Fig. 11—Residual Stresses, Kips/In.?. 


and checked 24 hr. later. The areas containing the 
gages were then removed from the panel by drilling. 
Final gage readings were taken after each area, contain- 
ing a set of one longitudinal and one transverse gage, had 
been cut to size on the Do-all saw. 

Because the deck beams on panel £ interfered with 
cutting out and subsequent repair of the areas containing 
the strain gages, stress determinations could not be made 
at as many locations as was done on panels A, B, C and 

However, it is felt that enough locations were 
checked to enable a valid comparison to be made between 
panels D and E. 


Results 


The most pertinent results obtained from the tests of 
the preliminary panels are shown in Figs. 5, 6, 7 and 8. 
It should be remembered that for intersecting welds the 
longitudinal stress of one is the transverse stress of the 
other at the intersection. As a result, the magnitudes of 
the stresses change rapidly in the first few inches from 
the intersection. It will be noted in Fig. 5 that the 
longitudinal residual stresses along the center lines of the 
welds of panels, 3, 5, 6 and 8 are very nearly the same. 
Perhaps the two most interesting facts are that the 
residual stresses of the panels made by Unionmelt and 
manual welding are practically the same, and that the 
Stresses at the intersection of the two butt welds are no 
higher than at other points in the welds. In fact, in all 
cases they are slightly lower at the intersection. This 
phenomenon is probably due to the heat of the second 
weld which allows some readjustment of the strains pfo- 
duced by the first weld at the intersection. 
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Bottom Side. Panel No.5 


The fact that panel 7 was welded toward the intersec- 
tion in short blocks probably accounts for the curves for 
this panel being somewhat irregular. It is not apparent, 
however,’ why the longitudinal stress of C-D at the inter- 
section should be so much less than those of the other 
panels. A duplicate of this panel was made at a later 
date with very good agreement in the results. The 
residual stresses at the intersection of this duplicate panel 
were not quite as low as in the case of panel 7, but were 
considerably lower than at other points in the welds. 

Since the longitudinal stress of the C-D welds of the 
“hot” and “cold” sides of panel 10 are considerably 
different, and the stresses of the A-B weld are much lower 
than those of the A-B welds of the other panels, it may be 
desirable to make a further investigation on a similar 
panel, but welding the C-D seam from ‘‘cold”’ to “hot’”’ 
instead of from “‘hot’’ to “‘cold”’ as was done in panel 10. 

Figures 9, 10 and 11 show the residual stresses at all 
the gage locations in panel 5. The stress patterns are 
typical of the other panels. From the values in these 
figures, as well as the curves of Fig. 7, it can be seen that 
the magnitude of the residual stresses decreases very 
rapidly at points away from the weld so that most of the 
parent plate contains residual stresses of rather low 
magnitude. This is also shown in Fig. 8 which shows 
the distribution of longitudinal residual stresses on a 
section transverse to the welds. 

The results obtained in panels A, B and C are summ t- 
rized in the curves of Fig. 12. The upper set of curves 
represents values along the center line of the seam OP. 
The values given are the averages for the two sides. The 
lower set of curves represents values along the center line 
of the butt, ROQ. 

In areas where there were no gages, but where it was 
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suspected that the stresses might vary considerably, the 
curves have been dotted. 

Several items of significance are found in these curves. 
The longitudinal and transverse stresses of panel A are 
lower than those of panels B and C at nearly all points 
except where the weld of the seam OP started. It 
would thus appear, at first glance, that the sequence in- 
volving starting at the center of a seam and going toward 
the edges resulted in lower stresses. Some doubt must 
be associated with this conclusion, however, in view of the 
fact that panel C, also welded with this sequence, has 
stresses almost the same as panel B. If this conclusion 
is valid, one must also conclude that manual welding 
produces greater stresses than Unionmelt and that panel 
C would have had higher stresses if it had not been 
welded from the center toward the edges. This latter 
conclusion is not without supporting evidence. In the 
preliminary panels discussed previously, it was noted 
that the manually welded panels had slightly higher 
stresses than those welded by Unionmelt, although the 
difference was not thought to be significant. 

There was no apparent reason for the much lower 


longitudinal stresses found in seam OP near the butt 
weld of the panel. It will be noted that the stresses jy 
panels B and C do not drop greatly and are also very 
symmetrical about the mid-point of the seam OP. ! 

A very significant point is the fact that areas where the 
welds were started at the center of the seam and butt 
showed higher residual stresses than at other points along 
the welds. The manually welded panel did not exhibit 
this phenomenon to any appreciable extent on the seam 
but did on the butt. Less effect was noted on panel 8 
since the weld started in the center on only one side. At 
present, a satisfactory explanation of this phenomenon js 
lacking but if high stresses are detrimental, it appears 
that furth. ¢ investigation of this effect is desirable. 

No explanation could be found for the high value of 
transverse stress in panel B on the seam, 210 in. from the 
butt. This also applies to the point on the butt of panel 
C at +8 in. from the seam OP. It should be remem- 
bered, however, that in each case these values are the re- 
sults of one isolated set of gages. The values found at 
these points are still much less than those for the longi- 
tudinal stresses. 
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The stresses, both in magnitude and pattern, obtained seams. In this region both the longitudinal and trans- 
in panels A, B and C were in close agreement with those _ verse residual stresses of panel E are somewhat lower than 
found in the preliminary panels. those of panel D. This is probably due to the fact that 

Figure 13 shows the residual stresses which were the tension in the fillet welds of the deck beams on either 
measured in panels D and E. The stresses in panel D side of the butt ROQ tends to put the intervening plate 


= 


, are almost the same as those found in panels A, Band C. into compression and thus lower the tension along this 
Longitudinal residual stresses were, for the most part, weld. It should be noted, however, that at and near the 
between 46,000 and 50,000 psi. The subsequent welding seams the residual stresses of the two panels are the same. 
of a butt which crossed a seam lowered the longitudinal Thus it appears that the addition of the deck beams to 
stress of the seam. Transverse residual stresses were panel E before the second side was welded produced no 
less than 10,000 psi. except at weld intersections and at significant change in the residual stresses. 
the extreme ends of welds. It was thus found that the In Fig. 14 the stresses at all gage locations of panel D 
; residual stresses resulting from a sequence which is are shown so as to give a picture of the stress condition 
highly favorable for economical production are not throughout the panel. This is typical of all the X/A 
significantly different from those obtained by more panels which were tested. 
meticulous sequences which had been thought by many 
would give lower stresses. 
Comparing panels D and E in Fig. 13, it will be noted Conclusions 
, that along the seam OP the residual stresses of the two 
panels are almost identical. Along the butt weld, ROQ, For butt welds made in l-in. thick low-carbon steel 
; the only significant difference is in the region between the plates with ordinary ferritic electrode the following con- 
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clusions were drawn (the stresses mentioned are the 
averages of the values measured on the two surfaces). 

1. The magnitudes and general patterns of the resid- 
ual welding stresses existing in very large (up to 27 x 57 
ft.) weldments can be obtained in panels as small as 4 x 6 
ft. These stresses are sufficiently reproducible, either in 
Unionmelt or manual welding, to enable significant 
effects of different controlled variables to be determined. 

2. In butt welds, the longitudinal residual stresses 
along the center line of the weld reach a magnitude of 
approximately 47,000 psi. throughout the length except 
in the 9 in. adjacent to each end where they decrease to 
zero at the ends. The transverse residual stresses are 
low tension (usually less than 10,000 psi.) except near 
the ends of the weld where they change to compression, 
reaching values of from 20,000 to 30,000 psi. at the ends. 
The longitudinal residual stresses in the plate adjacent to 
the weld decrease from the value in the weld to zero at 
some distance from the weld. This distance is a function 
of the plate width in unrestrained plates and is about 4 in. 
in the case of plates 3 ft. or more in width. Beyond this 
distance the longitudinal stresses in the plate are rela- 
tively low compression. 

3. There is no significant difference in stresses or stress 
patterns between Unionmelt and manual welds made 
with continuous passes. 

4. Where two butt welds cross each other, the residual 
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stresses at the intersection are no higher than at other 
points in the welds some distance removed from the inter- 
section, and will usually be somewhat lower. 


5. In assembling several large steel plates into a large 
panel (such as a deck subassembly) by either Unionmelt 
or manual welding, a procedure wherein all welds are 
made from end to end of the joints produces residual 
stresses which are very little higher than those obtained 
by starting the welds at the mid-point of the joints and 
proceeding toward the ends. 


6. The addition of the regular deck beams to a large 
deck panel, after the first side has been welded and prior 
to the welding of the second side, does not increase the 
magnitude of the residual stresses or make any significant 
change in the stress pattern of the completed panel. 


7. Where a second Unionmelt weld is started over the 
beginning of a previous Unionmelt weld, longitudinal 
residual stresses in excess of 50,000 psi. result. 

8. Welding from the center toward both ends of a 
butt joint apparently produces slightly lower longitudinal 
residual stresses than are obtained by welding from one 
end to the other. However, the difference is not great 
enough to justify using this procedure as a method of 
obtaining lower residual stresses. 

9. For panels made of four plates as described in this 
paper, welding from the edges toward the center of the 
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pauel in 6-in, increments does not produce higher stresses 
than are obtained by continuous bead procedures, 

10. For panels made of four plates so as to have inter- 
secting butt welds, having two adjacent plates 75° F. 
warmer than the other two plates produces a definite 
difference in residual stresses. Longitudinal stresses 
along the weld between the hot and cold halves are 
considerably less than for panels made at uniform tem- 
perature. The longitudinal stresses of the weld between 
the two hot plates are normal in value while those of the 
weld between the cold plates are definitely lower. The 
transverse residual stresses are not appreciably different 
from those of panels made at uniform temperature. 
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Investigation of Failures in a Welded 
Bridge 


By H. Busch and W. Reuleke 


Translator’s Foreword 


a striking similarity to the failures of welded ships 

in this country. As the latter, the former have 
given rise to a host of statements and speculations about 
the possible causes of the accident.'~* Not unlike the 
latter they have been associated with poor workmanship, 
faulty design and, as usual, high welding stresses. The 
authors of this paper, apparently the latest on this con- 
troversial subject, depart somewhat from the accepted 
viewpoint. They put the blame on the unfavorable 
multiaxial restraint in the welded parts and low-notch 
resistance, coupled with low temperature in service. 
Not all statements made by the authors c4n be 


r VHE failure of three welded bridges in Belgium bears 


fully endorsed. For example, the influence ascribed to 
* Abstracted from Siahi u. Eisen, 62, (4), 66 (Jan. 22, 1942) by D. Rosenthal. 
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Fig. 1—The Sketch of the Herenthals-Oolen Bridge with the 
Location of Crack 
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5 Fig. 3—Crack in the Herenthals- 
Fig. 2—Nature of Crack in Oolen Bridge Resulting from Ex- 
the Hasselt Bridge plosion 


the residual stress requires further clarification. But on 
the whole the views expressed in this paper come very 
close to those published recently in this JouRNAL.". '!. ? 
For this reason, a brief account of the investigations 
made by the authors appears noteworthy. 


Description of Failures 


All three welded bridges involved in the accident 
were of the bowstring, the so-called Vierendel, type, 
Fig. 1. The failure of the first bridge, the Hasselt 
bridge, was widely discussed and reported in several 
technical publications.'~* Although the causes of this 
accident had not been established with certainty, the 
following conclusions were drawn. 

1. Most of the failures occurred at the junction be- 
tween the vertical web member and the lower girder, in a 
butt weld connecting the flanges of both members, Fig. 2. 
When cutting through this butt weld at joints which 
were left intact, residual stresses were measured which 
exceeded the yield point (? Tramsil.). As a result of this 
measurement, the above butt joints were cut open in all 
other bridges to relieve the high residual stress. 

2. The design of the joint was responsible for high 
stress concentration. 

3. The stress concentration was also enhanced by 
improper welding sequence. 

4. The fracture revealed a great many fine cracks. 

5. The weld itself was defective and contained incipi- 
ent cracks. 

6. The mechanical characteristics of the base metal 
were satisfactory and complied with the specifications. 
After the collapse of the Hasselt bridge, two other 
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bridges failed, the Herenthals-Oolen bridge and the 
Kaulille bridge. In both cases cracks originated at low 
ambient temperature (around 7° F.) and they opened 
with a loud report. These cracks, however, were located 
in a spot different from those of the Hasselt bridge. In 
the case of the Herenthals-Oolen bridge the location of 
the crack was in the lower flange of the lower girder at 
the junction with a wind brace, Fig. 1. The crack in the 
Kaulille bridge was in the upper flange of the lower 
girder, midway between the first and second vertical 
members. 

The Herenthals-Oolen bridge was subsequently blown 
up during the invasion, May 1940. The German State 
Railways decided to make a thorough investigation of 
the broken parts. When picking up the latter, brittle 
cracks were discovered similar to those found in the 
Hasselt bridge, Fig. 3, and probably due to the explosion. 


The Program of the Investigation 


The location of the parts used for this investigation is 
indicated in Fig. 2. The following tests were made: 


Chemical analysis of base and weld metal. 

Tensile test of base and weld metal. 

Hardness exploration. 

Macro- and micro-examination. 

Impact: tests at various temperatures on base 
metal specimens, as delivered, normalized and 
aged (10% cold work followed by heating at 
480° F. for hr.). 

6. Bend test of the base metal around a mandrel = 

2 X thickness. 
7. Crack weldability tests according to Swinden and 
Reeve. 

8. Bend tests on specimens with a longitudinal weld 

bead, also on specimens machined from flange 

of the welded I-beams with fillet welds milled 
flush with the surface. 


In addition to the above tests, comparative impact 
and bend tests were run on specimens taken from a cur- 
rent German steel, St. 37 (T.S. = 53,000 psi.) and St. 
52 (T.S. = 74,000 psi.). The composition of the two 
kinds of steels used is shown in Table 1. 


Table |—Composition of Two Current German Steels, St. 37 
and St. 52, Tested for Comparison 


St. 37 C—0.14% Mn—0.41% Si—trace 
P—0 .036% S—0.042% N-—0. 006% 
St. 52 C—0.2% Mn—1.48% Si—0.61% 
P—0.0385% S—0.026% Cr—0.04% 
Cu—0.1% Mo—0.08% Ne—0. 008% 
Results of Tests 


1. Chemical Analysis.—Table 2 summarizes the com- 
position of various parts of the bridge. The composition 
of the base metal is indicative of a basic Bessemer non- 


killed steel. The P and S contents of the weld appear Part Weld 
rather high as compared to the usual composition of : Redk 
coated electrodes. Lower flange 
2. Mechanical Characteristics —The mechanical char- With fillet weld 1.78 138 147 141 
acteristics of the base metal, as revealed in tension test, eee ee 1.78 138 176 165 
were quite satisfactory (Table 2). On the other hand, Cree aaieaaielh 178 125 133 142 
the ductility of the weld metal was somewhat low. With weld bead 1.78 129 179 179 
3. Impact Resistance—The impact specimens of the Steel St. 37 with 
German type x §/s bar with a keyhole notch 0.118 in. weld bead ‘ 0.75-2.00 99-124 205-263 
deep, 0.079 in. wide) machined from various parts of the 
upper and lower girders in the direction of rolling, gave 
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values plotted in Figs. 4 to 9. The shaded areas repre- 
sent the scatter of the results. It is seen that in the as. 
welded condition the metal of the lower flange of the 
lower girder was particularly notch sensitive. It gave 
impact values ranging from 39.5 to 17 ft.-Ib. even at 
room temperature. At 7° F. practically all specimens 
became brittle. Normalizing treatment had but little 
effect on the result, while aging reduced the impact re- 
sistance to almost nothing at all testing temperatures. 


Table 2—Chemical Analysis of the Parts Taken from the 


Herenthals-Oolen Bridge 
Part Cc Si Mn P Ss Ne 
Upper Girder 


Upper flange 0.13 Trace 0.94 0.066 0.038 0.016 
Lower flange 0.12 Trace 0.89 0.079 0.048 0.019 
Web 0.18 Trace 0.50 0.057 0.027 0.014 
Fillet weld 0.11 Trace 0.57 0.051 0.030 0.017 


Lower Girder 
Upper flange 0.16 Trace 0.44 0.0388 0.031 0.011 


Lower flange 0.17 Trace 0.50 0.053 0.036 0.013 
Web 0.13 Trace 0.51 0.048 0.025 0.013 
Fillet weld 0.10 Trace 0.43 0.050 0.031 0.030 
Butt weld 0.09 Trace 0.48 0.048 0.028 0.097 


4. Macro- and Micro-Examination.—Macro-etched 
sections of the base metal revealed a degree of segregation 
which could reasonably be expected from a steel of this 
type. The grain size, as determined by means of Mc- 
Quaid-Ehn test, ranged from 3 to 6. 


Table 3—Mechanical Characteristics of the Material Taken 
from the Herenthals-Oolen Bridge 


Elong., 
Thick- Brinell Y.P., T-S., % Reduct 
ness, Hard- 1000 1000 (5X © of Area, 
Part In. ness Psi. Psi. Diam.) qi 


Upper Girder 


Upper I-beam 
Flafige 1 1.2 14} 37.6 59.4 35.1 60.4 
Flange 2 es 141 37.0 60.5 35.2 57.8 
Lower I-beam 
Flange 1 1.2 141 37.8 63.0 33.8 52.6 
Flar.ge 2 1.2 141 37.6 61.0 37.3 53.6 
Web, long. 0.6 157 36.8 61.3 35.8 53.5 
Web, trans. 0.6 157 35.0 61.2 35.4 57.5 


Lower Girder 


Upper flange 1.8 103 30.0 57.0 36.5 60.0 
Lower flange 1.8 124 32.3 62.3 35.0 . 55.0 
Web 0.7 123 34.6 62.3 35.0 56.0 
Butt weld nF 149 57.0 68.5 15.0 32.0 


The weld was without major defects. Occasional 
cracks were found at the end of fillets, Fig. 10, but no 
major crack developed from either of them. 


Table 4—Hardenability of the Base Metal of the Herenthals- 
Oolen Bridge in Comparison with That of a Current German 
St. 37 and St. 52 Steel 


(For composition, see Table 1) 


Superficial Hardness Con 
verted in Brinell Hardness 
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Figs. 4 to 9—Impact Values as a Function of Temperature on Specimens Taken from the Herenthals-Oolen 


Brid 


5. The Swinden-Reeve Weldability Test was made on 
flanges 1.7 in. thick and webs 0.7 in. thick but no evi- 
dence of cracking could be detected. Obviously, the 
steel was not susceptible to cracking during welding. 

6. The above finding was in agreement with hardness 
measurement which disclosed no marked increase of hard- 
ness in the heat-affected area (Table 4). In the way of 
comparison, the increase of hardness due to welding of 
the current German steels, St. 37 and St. 52, also is 
indicated in Table 4. 

7. Bend Tests on Specimens with Longitudinal Weld 
Beads.—The results of these tests are reported in Table 5. 
It is seen that comparatively small angles of bend were 


ge 


obtained in the as-welded condition. The fracture was 
of the cleavage type. Stress-relief heat treatment 
brought about substantial improvement in the angle of 
bend, but the cleavage type of fracture remained. The 
results obtained on a current German steel, St. 37, were 
a great deal better. Despite numerous cracks in the 
weld, the specimens withstood a high angle of bend be- 
fore failure. The low-alloy, high-tensile steel, St. 52, 
was not so good in the as-delivered condition, but had a 
high angle of bend in the stress-relief condition. 

Along with bend test, impact tests were made with a 
notch parallel and perpendicular to the surface. As seen 
from Table 5 no correlation seems to exist between the 


Table 5—Weld-Bead Bend Tests and Impact Tests on Base Metal of the Herenthals-Oolen Bridge and St. 37 and 


St. 52 


Notch Notch 
Thickness, Heat Angle Parallel Perpendicular 
Part In- Treatment of Bend Fracture to the Surface to the Surface 
Lower flange 
With fillet weld 7 None 41 Cleavage 45 29.4 
stress relieved 70. Cleavage 19.4 24.3 
With weld bead 1.7 None 17t Cleavage 33.4 34.0 
stress relieved 103T Unbroken 23.2 25.0 
Upper flange 
With fillet weld 1.7 None 28 Cleavage 64—no weld 34.0 
stress relieved 80 Unbroken 
With weld bead A None 14 Cleavage 52 46 
stress relieved 100 Unbroken 32 29.6 
St. 37 1.38 None 64 Cleavage 47.5 44 
stress relieved - 120 Unbroken 47.0 3 
St. 52 1.38 None 29 - 26 Cleavage 79 73 
stress relieved 120; 141 Unbroken 48.0 48.0 


* German impact specimen, °/, x §/, bar with a keyhole notch 0.118 in. deep and 0.079 in. wide. 
F 


t Bent at 32° F. 


(For composition, see Table 1) 


Steel 


Impact Resistance in Ft.-Lb.* 
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Fig. 10—Incipient Crack at the End of Fillet Weld 


two kinds of test, the bend test and the impact test, es- 
pecially if the influence of heat treatment is considered. 
In the opinion of the authors this lack of correlation 
might be due to a difference in the transition tempera- 
ture, from ductile to brittle failure, for the two tests; 
that of the bend test with a weld bead being much lower 
than that of the notch-impact test. 


Conclusions 


1. The nature of the base metal appears to be an im- 
portant factor. It may be seriously questioned whether 
nonkilled Bessemer steel should be used at all for welding 
thicknesses of steel of the order of 1'/, in. Despite 
satisfactory performance in static tension, notch-impact 
results on this type of steel were wholly unsatisfactory, 
especially at low temperature. But the notch-impact 
figure appears to be more significant for the behavior of 
steel in the welded condition than the tensile properties. 

2. The faulty design of the joint between the vertical 
member and the lower girder along with a defective weld- 
ing sequence were blamed for the collapse of the Hasselt 
Bridge. This argument is greatly weakened by the fact 


that in the case of the two other welded bridges the 
cracks occurred not at this joint, but elsewhere. 

3. The weldability of the steel certainly was not a de- 
cisive factor. Neither the Swinden-Reeve cracking test 
nor the hardness measurements gave the slightest indj- 
cation of either cracking or excessive hardenability. 

4. The bend tests on specimens with a longitudinal] 
weld bead proved conclusively that the metal did not be- 
have satisfactorily under a multiaxial state of restraint. 
In the opinion of the authors this multiaxial restraint was 
due chiefly to the welding stresses, since stress-relieved 
specimens gave much better results. 

To conclude, the authors state the following main 
reasons for the accidents: 


1. A multiaxial state of restraint produced by weld- 
ing stresses and enhanced by the unfavorable 
distribution of welds. 

2. The low ambient temperature. 

3. The low notch-impact characteristics of steel. 


In the opinion of the authors the first of these causes 
can be removed totally only by a stress-relief treatment. 
The second and third causes can be taken care of by 
selecting a proper type of steel for low-temperature 
service. The aluminum-killed type of steel may be the 
desired solution. 

The above conclusions do not apply to steels of greater 
hardenability. There the loss of ductility in the heat- 
affected area and the cracking during welding may be of 
much greater importance, as shown by the accident of 
the bridge at Zoo, Berlin, where a high-tensile, low-alloy 
steel of the type St. 52 has been employed. 
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The Spot Welding 


Summary 


HIS report describes an investigation of the spot 

welding characteristics of the newer aluminum 

alloys, R-301-T, XB75S-T (bare and Alclad),f 
Alclad 24S-T81 and the older alloys, 24S-T (bate and 
Alclad), 3S-'/2H, extruded 14S-T, 52S-'/2H and 61S-T 
in the 0.040-in. gage. This is one of a series of reports on 
aircraft spot welding research being conducted at the 
Rensselaer Polytechnic Institute. 

The ten alloys were first studied with respect to their 
surface preparation for spot welding. A dilute solution 
of hydrofluosilicic' acid at room temperature produced 
excellent results with the R-301-T, XB75S-T (bare and 
Alclad), Alclad 24'-T81, Alclad 24S-T, 3S-1/.H and 52S- 
1/4H alloys. To obtain the best surface conditions on 
bare 24S-T, 14S-T and 61S-T, it was necessary to use a 
dilute solution of nitric acid at 180° F. Promising results 
were obtained in treating the bare 24S-T and 14S-T 
alloys in solutions containing phosphoric acid at room 
temperature. In working with the 3S-'/2H alloy it was 
found that the surface-treating characteristics of an alloy 
may depend upon whether it is fabricated from coil 
sheet or as flat sheet. Better results were obtained with 
the flat sheet material. It was evident that a consis- 
tently low surface resistance is desirable in each of the ten 
alloys if good spot-welding characteristics are to be ob- 
tained. The complete investigation of proprietary com- 
pounds was considered to be beyond the scope of this in- 
vestigation. 

With proper surface preparation and slight modifica- 
tion of welding conditions, good spot welds were readily 
obtained in all ten alloys. There were, however, minor 
differences between the alloys. With any given electrode 
welding-force and tip contour the 3S-'/2H, 14S-T, 52S- 
1/4H and 61S-T alloys were less susceptible to cracking 
than the 24S-T, XB75S-T and R-301-T alloys. 

Limited laboratory experience indicates that with good 


* This is the 18th of a series of reports prepared by the R.P.I. Welding 
Laboratory research staff on spot-welding problems, equipment and-tech- 
nique. ‘This investigation is under the joint auspices of the N.A.C.A., the 
Army Air Corps and the Navy Bureau of Aeronautics in cooperation with the 
Resistance Welding Committee pf the Welding Research Council. Other 


reports will be issued from time to time as the work progresses in order to relay 
the information to the aircraft industry as rapidly as possible. 
October 1944. 
+ Welding Laboratory, Rensselaer Polytechnic Institute, Troy, N. Y. 
$ XB75S-T is now known as 75S-T. 
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Alloys in the 0.040-Inch Gage 


Including XB75S-T (Bare and Alclad), R-301-T, Alclad 
248-T81, 245-T (Bare and Alclad), 3S-'/2H, 14S-T, 
52S-14H, and 61S-T 


By W. F. Hesst, R. A. Wyant! and F. J. Winsor! 
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of Ten Aluminum 


surface preparation better tip life can be obtained with 
the hard, bare alloys such as 24S-T, XB75S-T and 14S-T 
than with the other materials having softer surfaces. 

In the clad materials sheet separation depends largely 
upon the thickness and hardness of the cladding. Due to 
this fact it was difficult to make sound welds without ex- 
cessive sheet separation in the Alclad 24S-T81 which had 
abnormally thick cladding. 

Spot welds in 3S-'/:H, 52S-'/2H and 61S-T exhibited 
higher ratios of strength in normal tension to shear 
strength than in Alclad 24S-T, Alclad XB75S-T and R- 
301-T. In this respect R-301-T and Alclad 24S-T were 
slightly superior to the Alclad XB75S-T. 

The effect of spot welds upon sheet efficiency is less 
injurious in the alloys that depend upon cold work for 
their properties than in the heat-treated alloys. 


Introduction 


The previous investigations in this series have dealt 
almost exclusively with Alclad 24S-T. An important 
objective of the present investigation was to compare the 
newer high-strength alloys, Alclad XB75S-T and R-301-T 
with each other and with Alclad 24S-T with respect to 
spot welding. In addition it was desired to determine 
the spot-welding characteristics of bare 24S-T, the arti- 
ficially aged Alclad 24S-T81, 3S-'/2H, extruded 145-T, 
52S-'/zH and 61S-T alloys. The investigation was 
limited to a sheet thickness of 0.040 in. in all alloys. 
Methods of surface preparation were limited to a few 
chemical solutions which gave the most satisfactory re- 
sults under laboratory conditions. A cold, dilute solution 
of hydrofluosilicic acid was tried on all the alloys with 
good results with the exception of bare 24S-T, 61S-T and 
extruded 14S-T. Better results were obtained on the 
latter two alloys with either a hot dilute solution of nitric 
acid or a cold solution containing phosphoric acid. The 
investigation of each alloy included the determination of 
surface-treating characteristics, welding conditions, weld 
strength in shear and normal tension, effect of spot welds 
on sheet efficiency and susceptibility to cracking. 


Observations were also made on the relation of thickness 
and hardness of cladding to sheet separation, and the 
relation between surface hardness and electrode tip life. 


4 


alloys to chemical methods of surface treatment. 
Table 1—Typical Mechanical Properties of Ten Aluminum The properties which were expected to determine the 
Alloys Which Were Investigated with Respect to Their spot-welding characteristics of the alloys are listed jn 
Spot-Welding Characteristics Table 3. These include the electrical conductivity. 
Yield —_- Ultimate melting temperature range, thickness of cladding and 
Strength, Strength, Elongation, surface hardness. The electrical conductivity was ex- 


Alloy Psi. Psi. % in 2 In. Reference pected to determine the magnitude of current required. 
— 24S-T 46,000 68,000 19 , It was believed that the range in melting temperature 
clad 24S-T 43,000 64,000 18 1 > 
Alclad 24S-T81 60,000 66,000 = 3 would be reflected in the structure of the weld and the 
Bare XB75S-T* 72,000 82,000 12 ¥ shape of the strength-current characteristic. The thick- 
Alclad XB75S-T —_-66,000 76,000 11 2 ness of the cladding and the ratio of its hardness to that 3S-'/ 
69,000 9 7 of the core were expected to influence the sheet separa. 
,000 21,000 8 1 52S- 
14S-T Extruded 50,000 60,000 13 1 tion. The surface hardness was also expected to have 61S-" 
52S-!/.H 29,000 37,000 10 1 some relationship with expulsion from between the faying es 
61S-T 39,000 45,000 12 1 surfaces and electrode tip life. In addition to the above t 
* XB75S-T is now known as 75S-T. properties the yield strength might be expected to in- 
fluence the electrode contour and forces required for weld- — 
ing and forging. 1 
Properties of Alloys we 
Apparatus 
For the purpose of comparison, the mechanical proper- tan 
ties of the ten alloys which were included in the investiga- All of the welding in this investigation was done on a ure 
tion are listed in Table 1. All of the values are typical of | condenser-discharge welder which was manufactured by ous 
their respective alloys. The XB75S-T and R-301-T are the Taylor-Winfield Corporation and generously loaned 1 
the high-strength aluminum alloys produced by the for use in these investigations. The type and serial of 
Aluminum Company of America and the Reynolds numbers were HWRD-36-3CCIT and 43166A, respec- cla 
Metals Company, respectively. The 24S-T81 alloy is tively. The control unit was also built and provided by fiec 
an artificially aged form of 24S-T.5 the Taylor-Winfield Corporation. Its type and serial sis' 
The characteristics which were expected to affect the numbers were H-115 and 4319, respectively. In ‘this ha: 
chemical surface preparation of the alloys for spot weld- equipment transformer turns-ratios of 150, 300 and 450 
ing are listed in Table 2. These characteristics include were available. The approximate dimensions of the Er 
the composition of the alloy, its solution potential and its secondary circuit were 36 in. by 11'/,in. The maximum sp 


history with respect to precipitation heat treatment. Of 
these the composition of the alloys is probably most im- 
portant. The method of aging was included because of 
its possible influence on surface films. It was thought 
that the solution potentials of the alloys might have some 


condenser capacity was 2640 microfarads. The maxi- 
mum available electrode force was about 4000 Ib. The 
welder was equipped with a dual-pressure system for 
providing forging. An excellent description of the dual- 
pressure system and method of controlling the electrode 


significance with respect to the response of the different forging-force has appeared previously in the literature.‘ 


Table 2—Characteristics Which Were Expected to Affect the Chemical Surface Preparation of the Alloys for Spot Welding 


Solution 
Potential, Precipitation 
Alloy Composition Volts Heat Treatment Reference 
Bare 248-T 4.5% Cu 0.68 Aged at room temperature 1,3 
1.5% Mg 
0.6% Mn 
Alclad 24S-T Above core clad with Core,0.68 - Aged at room temperature 1,3 
99.7% Al Cladding, 0.83 
Alclad 24S-T81 Same as above Core, 0.78 Artificially aged 8 hr. at 3 
Cladding, 0.83 370° F. 
Bare XB75S-T Zn, Mg and Cu* 0.81 Artificially aged 22 hr. at 
250° F. : 
Alclad XB75S-T Zn, Mg and Cu* Core, 0.81 Artificially aged 22 hr. at 2 
Cladding, 0.95 250° F. 
R-301-T Core 4.5% Cu Core, 0.72 Artificially aged 6 hr. at 3,7 
1.0% Si Cladding, 0.82 350° F. 
0.8% Mn 
0.4% Mg 
Cladding 1.0% Mg 
0.7% Si 
ioe 4 0.5% Mn 
3S-'/,H. 1.2% Mn 0.83 1 
14S-T Extruded 4.4% Cu 0.76-0.82 Artificially aged 8 hr. at 1 
0.8% Mn 360° F. 
0.8% Si 
0.4% Mg 
4 52S-'/,H 2.5% Mg 0.85 1 
0.25% Cr 
ia 61S-T 1.0% Mg 0.83 Artificially aged 8 hr. at 1 
0.6% Si 350° F. 
0.25% Cr 
0.25% Cu 
ne me ‘ * Reference 4 reports these as the major alloying elements in XA75S-T. 
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Table 3—Properties Which Were Expected to Determine Spot-Welding Characteristics of Alloys 


Electrical Melting 
Conductivity, Temperature 
Alloy % (Cu Std.) Range, ° F. 
Bare 24S-T 30 935-1180 
Alclad 24S-T 30 (core) 935-1215 
Alclad 24S-T81 33 (core) 935-1210 
Bare XB75S-T 30 990-1180 
Alclad XB75S-T 30 (core) : 
R-301-T 
14S-T Extruded 40 948-1181 
59S-1/,H 40 1150-1190 
61S-T 40 1082-1205 


11% by measurement. 
+ 18% by measurement. 


The welder was equipped with a primary shunt for 
measuring the welding current and an electric strain gage 
unit on the lower electrode for measuring the electrode 


force. Oscillographic equipment was provided for simul- 
taneously recording these two variables. These meas- 
urements and the required equipment have been previ- 
ously described by several investigators.*~" 

The equipment for evaluating the surface preparation 
of the alloys consisted of a small hydraulic press for 
clamping two specimens between electrodes and a modi- 
fied Kelvin double bridge for measuring the contact re- 
sistance between the two specimens. This apparatus 
has also been previously described.'* '* 

The weld specimens were tested in a Southwark- 
Emery 60,000-lb. hydraulic testing machine. The shear 


specimens were tested by means of completely self- 
aligning Templin grips. 


The tension specimens were 


O 


Fig. 1—Specimen and Fixture for Testing Spot Welds in 
Normal Tension 
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SPOT WELDING ALUMINUM ALLOYS 


Thicknesses Surface 
of Cladding, Hardness, 
% (Total) VPN Reference 
145 1 
10* 43 1,6 
10¢ 38 3 
193 
10 67 
10 112 7 
51 1,6 
159 1 
91 1,6 


tested by means of the fixture shown in Fig.!. The 
Templin grips were also used for testing the sheet 
efficiency specimens. The latter specimens also required 
the use of a total-elongation extensometer in conjunction 
with a Southwark-Templin stress-strain recorder of the 
Selsyn-operated type. The use of the latter equipment 
has been described in an earlier progress report in this 
series. '5 


Procedure 


Specimens 


Four types of specimen were employed in this investi- 
gation as follows: 


Dimensions, In. 


Specimen Type Description 


Shear Single-spot lap-weld 0.040 x0.75x 4 
Metallographic} 5-weld strip 0.040x 0.75x4 
Tension Cross-lap (supersedes U type) 0.040x2x6 
Sheet efficiency Stressed attachment'® 0.040x 1x8 


This represents the first time that the type of normal 
tension specimen shown in Fig. 1 has been used for testing 
spot welds in aluminum alloys at this laboratory. For- 
merly the U type of specimen had been employed.'* The 
chief advantage of the cross-lap type over the U-type 
specimen lies in the fact that the former does not require 
forming. The fixture used for testing the cross-lap 
specimens is also shown in Fig. 1. 


Surface Preparation 


All specimens were initially wiped with acetone to re- 
move the identification marks, grease, dirt and other 
foreign substances. This was followed by a degreasing 
operation in trichloroethylene vapor. With a few ex- 
ceptions the specimens were surface treated in prepara- 
tion for welding in one of the following chemical solutions: 


No. Composition!‘ Temperature, 
14A 3% Hy.SiFs (by vol. of 28% acid) 75-85 
0.1% Nacconol NR (by weight) 
14B 1.5% HSiFs 75-85 
0.1% Nacconol NR 
180 


2% HNO, 
0.2% Nacconol NR 


| 
on, 
TEST FIXTURE 
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These solutions were used because they give more 
satisfactory results than any other solutions that have 
been studied at this laboratory.’*'* Furthermore, the 
hydrofluosilicic acid solution is proving to be very satis- 
factory for Alclad 24S-T in production."” It was hoped 
that this solution could be used for all ten alloys included 
in this investigation because the hot nitric acid is not 
entirely desirable from the production viewpoint. How- 
ever, the best surface conditions on several of the alloys 
could not be obtained with the hydrofluosilicic acid solu- 
tion and it was necessary to resort to the hot nitric acid. 
Two solutions containing phosphoric acid as a major 
constituent were also tried for treating the latter alloys 


at room temperature. The composition of these solu- 
tions follows: 


No. Composition Temperature, ° F 
17 15% HsPQ, (85%) 75-85 
~ Kelite K1B (1:1) 80 


The investigation of proprietary compounds for the sur- 
face treatment of aluminum alloys was considered to be 
outside the scope of this work. The trial of the Kelite 
1B was only incidental to the trial of the phosphoric acid 
solution. In a few instances the specimens were “ve 
brushed to obtain special effects. 

At this point the importance of adding the wetting 
agent, Nacconol NR, to the hydrofluosilicic acid solution 
should be emphasized. This constituent was originally 
added to the solution simply to improve the consistency 
of the chemical attack on the surface of the metal. Re- 
cent research has shown that the Nacconol NR has an 
even more important function as an inhibitor in the 
hydrofluosilicic acid solution. In this capacity it slows 
down the reaction and broadens the range of satisfactory 
treating time. When the Nacconol NR is left out or is 
incompletely dissolved, the reaction proceeds very 
rapidly, overtreatment and the formation of smut are 
likely to occur, and the results may be inconsistent. 

In this investigation the specimens were rinsed in cold 
distilled water following the chemical surface treatment. 
They were then dried in clean air. The surface condition 
of the stock was determined by contact resistance meas- 
urements which have been described in previous re- 
ports.'* Surface-treatment characteristics were ob- 
tained for each alloy and solution investigated. These 
characteristics were used to determine the range of treat- 
ing time and the minimum obtainable resistance. 
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Trial welding conditions for each alloy were selected on 
the basis of past experience with Alclad 24S-T and with 
due regard to the properties of the alloy which might 
determine its spot-welding characteristics. At each 
condition welds were made at five or more voltages in 
order to obtain a characteristic of weld shear strength as 
a function of peak welding current. At each voltage 
setting three specimens were welded for shear tests and a 
strip of five welds was made for radiographic and metallo- 
graphic examination. 

After a satisfactory strength-current characteristic was 
obtained, three equally spaced voltages were selected in 
the optimum working range. At each of these voltages 
three more shear specimens, three tension specimens and 
three sheet efficiency specimens were welded. A strip of 
five welds was also made at each of these voltages without 
benefit of forging in order to determine the relative sus- 
ceptibility of the alloys to cracking. The latter tests 
were only made in the Alclad 24S-T, Alclad XB75S-T, 
R-301-T, 3S-'/2H, 52S-1/,H and 61S-T alloys. 


Testing 


The shear specimens were all tested in the usual man- 
ner. The tension specimens were tested by means of the 
fixture shown in Fig. 1. The sheet efficiency specimens 
were tested in tension, a stress-strain record being taken 
for each specimen. This type of test shows the effect of 
the spot weld on the yield strength, the ultimate strength 
and the total elongation in a 2-in. gage length which in- 
cludes the weld zone. This test has been fully described 
in previous reports.’*."8 The presence of internal cracks 
and porosity was determined by radiographic examina. 
tion of all specimens of all types. A metallographic 
examination was made of one weld at each point on each 
strength-current characteristic. An approximate meas- 
ure of the sheet separation was obtained by exploring 
around the welds by means of a feeler gage. The sheet 
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separation was considered to be excessive when it clearly 
exceeded 10% of the thickness of one sheet." 

The results of the shear tests were plotted in the form 
of strength-current characteristics which have been 
previously mentioned. A code for the interpretation of 
these characteristics is shown in Fig. 2. Figure 5 is a 
good example for the application of this code. In this 
figure sound welds were obtained at all values of current 
up to about 39 kilo-amp. where expulsion, cracking and 
excessive sheet separation occurred simultaneously. 


Results 


Bare 24S-T 


Of all the aluminum alloys, bare 24S-T has been one of 
the most difficult to surface treat in preparation for spot 
welding. To avoid flashing or expulsion from between 
the faying surfaces a low surface resistance is essential. 
This is believed to be due to the facts that the surface 
hardness is comparatively high and there is no soft clad- 
ding to act as a gasket around each weld. The best 
surface preparation at this laboratory consists of a 
thorough precleaning followed by a final treatment in the 
nitric acid solution at 180° F. A characteristic curve for 
this treatment is shown in Fig. 3. The treated sheet has 
a consistently low surface resistance, and a bright, clean 
appearance with no trace of smut. Unfortunately some 
shops object to the use of a hot solution of nitric acid 
even though weak. No information is available on the 
use of this solution under actual production conditions. 
This alloy cannot be satisfactorily treated at room tem- 
perature in the hydrofluosilicic acid solution as shown by 
the characteristic in Fig. 4. Solutions containing phos- 
phoric acid as a constituent have shown some promise at 
room temperature as indicated by the following data: 

A strength-current characteristic for spot welds in bare 


SPOT WELDING ALUMINUM ALLOYS 


Average Surface Resistance 


in Microhms 
Treating Time in Minutes 
Solution 2 4 8 16 32 
15% HsPO, 538 91 10 17 38 
Kelite K1B (1:1) >773 15 19 15 374 


24S-T is shown in Fig. 5. A higher electrode force is re- 
quired for welding the bare than for the Alclad material. 
This is necessary to avoid flashing and expulsion which 
are favored by high surface hardness and the lack of soft 


cladding to act as a gasket around the weld. It was 
found that the forging force may be applied earlier in 
welding the bare than in welding the Alclad material. 
This is due to the fact that there is no soft cladding to be 
extruded between the sheets to produce excessive sheet 
separation. In the laboratory the electrode tip life was 
exceedingly good in welding this material. This was 
attributed to its high surface hardness. 

Photomicrographs of a section through a spot weld in 
bare 24S-T are shown in Fig. 6. The equiaxed and 
columnar structures of the weld nugget are plainly evi- 
dent in the pictures. The zone of incipient grain bound- 
ary fusion and overaging of the sheet appears to be quite 
narrow. The photomicrograph at 15x reveals good 
symmetry and uniform penetration of the fusion into 
each sheet. 


Alclad 24S-T 


An excellerit method of preparing the surface of Alclad 
24S-T for spot welding consists of a thorough precleaning 
followed by a final treatment in the hydrofluosilicic acid 
solution at room temperature. A characteristic curve 
for this treatment is shown in Fig. 7. This solution is 
continuously finding wider use with very satisfactory 
results in production shops. 
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A strength-current characteristic for spot welds in 
Alclad 24S-T is shown in Fig. 8. In several respects this 
is an extremely fine characteristic. Sound, crack-free 
welds were obtained over a very wide range of peak cur- 
rent. Furthermore, greater shear strengths were ob- 
tained in this material than in any other aluminum alloy 
that has been investigated at this laboratory. However, 
to obtain crack-free welds at the higher values of strength 
and peak current it was necessary to keep the electrode 
tips very clean. The characteristic shown in Fig. 8 is a 
distinct improvement over all characteristics that have 
been previously released by this laboratory and it is a 
result of improved welding conditions.'* It should be 
noted that, as the current was increased, all of the defects 
(expulsion, cracks and sheet separation) appeared simul- 
taneously. 

Photomicrographs of a section through a spot weld in 
Alclad 245-T are shown in Fig. 9. The equiaxed and 
columnar grain structures are present in this weld in 
about the same relative amounts as in the bare 24S-T 


« > 


Fig. 6-Photomicrographs of a Spot W 


eld in Bare 24S-T, 
(Reduced 25% in reproduction) 


previously discussed. The 15x picture reveals only 
slight protrusion of cladding into the weld nugget and 
good penetration of fusion into each sheet. Long 
stringers of low-melting constituents are faintly visible 
extending from the ends of the weld into the sheet. The 
100X photomicrograph reveals a considerably wider zone 
of grain boundary fusion and over-aging than was evident 
in the bare 24S-T material. However, the 20% greater 
diameter of the weld in the Alclad material, and the in- 
creased penetration, indicate the use of greater heat input 
in making this weld. 


Alclad 24S-T81 


Alclad 24S-T81 is produced in the same manner as 
Alclad 24S-T with the exception that following the final 
heat treatment the metal is artificially aged at approxi- 
mately 350° F. for about 8 hr.* The hydrofluosilicic 
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acid solution is very satisfactory for preparing the surface 
of this material for spot welding, as shown by the charac- 
teristic in Fig. 10. There is a broad range in treating 
time from 6 to 15 min., over which the surface resistance 
is less than 5 microhms. In this respect the material is 
very similar to the regular Alclad 24S-T. 

The Alclad 24S-T81 was expected to exhibit the same 
spot-welding characteristics as the regular Alclad 24S-T. 
However, this was not true for the particular stock which 
was available for the investigation, as shown by the 
strength-current characteristic in Fig. 11. This charac- 
teristic bears little resemblance to that shown in Fig. 8 for 
Alclad 24S-T in spite of the fact that the welding condi- 
tions were identical for the two materials. It was im- 
possible to obtain welds having shear strengths over 450 
Ib. without having excessive sheet separation. This was 
attributed to the fact that the cladding on the Alclad 
24S-T81 was both softer and thicker than on the regular 
Alclad 24S-T stock. This is evident in the following 
data: 
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Thickness 


Gage, In. 
0.040 
0.040 


Alloy 
Alclad 24S-T 
Alclad 24S-T81 


The electrode force for welding was reduced to 600 Ib. but 
the sheet separation was just as serious as at 800 lb. 
Electrode tips having a face curvature of 6 in. in radius 
were next tried with an electrode force of 1000 Ib. for 
welding. Under these conditions the sheet separation 
did not become excessive until a shear strength of 800 Ib. 
was reached. However, internal cracks appeared at a 
shear strength of about 600 Ib. As soon as the forging 
force was applied earlier to avoid the cracking, the sheet 
separation became troublesome again. At this point it 
was decided that it would be difficult to obtain a better 


tom 


Fig. 9—Photomicrographs of a Spot Weld in Alclad 24S-T, 
0.040 In. 
(Reduced 25% in reproduction) 


characteristic than that shown in Fig. 11 in spite of the 
excessive sheet separation. This experience shows how 
important the hardness and thickness of cladding are in 
determining the spot-welding characteristics of clad 
aluminum alloys. 

Photomicrographs of a section through a spot weld in 
Alclad 24S-T81 are shown in Fig. 12. The remarks made 
previously with regard to the Alclad 24S-T alloy are 
equally applicable in this case. In this particular photo- 
graph, however, the lack of contrast makes it impossible 
to observe any stringers extending from the ends of the 


weld. There is little reason to believe that there should | 


be any apparent metallographic differences between this 
alloy and Alclad 24S-T because of the similarity in chemi- 
cal composition. 
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Bare X B75S-T 


Bare XB75S-T is one of the new high-strength alumi- 
num alloys in the artificially aged condition.*.” It is a 
high-strength modification of the earlier XA75S-T which 
contained zinc, magnesium and copper as the major alloy- 
ing elements.‘ Originally it was not planned to include 
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this alloy in the bare form in the investigation. It was 
only included after it became necessary to develop condi- 
tions for spot welding some bare XB75S-T panels for 
corrosion tests. The results obtained are interesting 
io it was the hardest alloy of the group (VPN = 
193). 

Its surface was prepared for spot welding by treatment 
in the hydrofluosilicic acid solution (1.5%) for from 2 to 7 
min. at 72° F., as shown in Fig. 13. In the as-received 
condition the surface of the stock was dark gray in color. 
After about 2 min. in the hydrofluosilicic acid solution the 
surface became beautifully bright and clean. The reac- 
tion proceeded rather rapidly and the surface resistance 
became excessive after about 8 min. of treatment. 

A strength-current characteristic for spot welds in bare 
XB75S-T is shown in Fig. 14. This characteristic is very 
similar to that shown in Fig. 5 for bare 24S-T. The same 
welding conditions were used for the two alloys. Both 


Spot Weld in Alclad 248-781 
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Fig. 12—Photomicrographe of a 
0.040 


(Reduced 25% in reproduction) 


alloys appear to be equally susceptible to cracking when 
forging is not applied. At a peak current of 32 kilo- 
amp., strengths of 480 and 600 lb. were produced in the 
bare 24S-T and XB75S-T alloys, respectively. The 
maximum strength obtained in sound welds was the same 
for both alloys. 
Photomicrographs of a section through a spot weld in 
bare XB75S-T are shown in Fig. 15. The demarcation 
: between the equiaxed and columnar structures of the 
weld nugget is less pronounced in this alloy, but there 
appears to be a greater relative amount of equiaxed 
grains than in the Alclad and bare 24S-T alloys previously 
discussed. Entrapment of constituents at the edge of 
the columnar zone at the end of the weld is plainly ob- 
served in the 100X photomicrograph. This constituent 


“has been identified as MnAl, by observations at 500 X, as 
as eM shown in Fig. 15 (C). The dense black zone surrounding 
Bad, the weld nugget, at the low and intermediate magnifica- 


tions (15X and 100), is a region of extensive and finely 
dispersed precipitation. This is shown in Fig. 15 (D) at 
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500X. Between this zone and the columnar weld nugget 
there is a region of coarse precipitation and incipient fu- 
sion. Eutectic stringers (grain boundary fusion) ex- 
tending out along the grain boundaries from this latter 
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zone are plainly discernible. The 15x photomicrograph 
reveals reasonably uniform penetration of fusion into 
each sheet. 


Aldad XB75S-T 


This material is the clad form of XB75S-T which is one 
of the new high-strength aluminum alloys in the arti- 
ficially aged condition.” Its surface was prepared for 
spot welding by treatment in the hydrofluosilicic acid 
solution (1.5%) for from 2 to 12 min. at 70° F. as shown 
by Fig. 16. There is less danger of overtreating this 
material than the bare XB75S-T. 

A strength-current characteristic for spot welds in 
Alclad XB75S-T is shown in Fig. 17. The welding condi- 
tions were approximately the same as for the Alclad 24S- 
T. Sound, crack-free welds were produced over a wide 
range of peak current. The strength of the weld was 
limited by expulsion and cracking which occurred simul- 
taneously with respect to peak current. While it is not 
superior to the best characteristic for Alclad 24S-T (Fig. 
8), it is very satisfactory. At a peak current of 35 kilo- 
amp. the shear strengths were approximately 625 Ib. in 
both alloys. 

Photomicrographs of a section through a spot weld in 
Alclad XB75S-T are shown in Fig. 18. The chief differ- 
ences between the metallographic structure of spot welds 
in this material and in the bare alloy previously dis- 
cussed lie in the relatively larger amount of columnar 
grain structure and the narrower Zone of incipient fusion 
in the clad alloy. The columnar structure of the weld 
in the clad alloy is much more readily attacked by the 
etch than is the corresponding region in the bare alloy. 
The protrusion of cladding into the weld nugget is only 
slight, and the penetration of fusion into each sheet is 
quite uniform. 


R-301-T 


This material is another of the new high-strength 
aluminum alloys in the artificially aged condition.* 
Its surface was prepared for spot welding by treatment 
in the hydrofluosilicic acid solution (1.5%) for from 5 to 
12 min. at room temperature as shown in Fig. 19. 

A strength-current characteristic for spot welds in R- 
301-T is shown in Fig. 20. The welding conditions were 
approximately the same as for Alclad 24S-T and Alclad 
XB75S-T, The characteristic is comparable with that 
obtained for Alclad XB75S-T and is considered to be 
satisfactory. The shear strength of the weld was limited 
by expulsion and cracking which occurred simultaneously 
with respect to peak current. This material was as sus- 
ceptible to cracking as Alclad 24S-T, when forging was 
not applied. Improvement in the magnitude and range 
of weld strengths could have been obtained if higher 
electrode forces had been employed. 
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Fig. 15—Photomicrographs of a Spot Weld in Bare XB75S-T, 0.040 In. 


Photomicrographs of a section through a spot weld in 
R-301-T are shown in Fig. 21. The weld nugget in this 
alloy is made up of coarse columnar grains surrounding 
the rather large equiaxed grains at the center of the weld. 
The attack of the etch upon the columnar zone shows a 
high degree of contrast. The extent of the heat-affected 
zone surrounding the weld nugget is about the same as 


ALLOY —— XB75S-T ALCLAD GAGE - 0.040" 
NO.I4 SOLUTION (HYDROFLUOSILICIC ACID) AT 70° F.s 


400 
360 
320 
280 
1.5% SOLUTION 
240 
z 
$200 
< 
120 
3% SOLUTION 
i] 
“| | 
40 
% 2 4 6 8 Ce 6 
TIME OF TREATMENT IN MINUTES 
Fig. 16 
ALCLAD XB75S-T, 0.040" 
ELECTRODE TIPS - 4" R DOMES 
ELECTRODE FORCE = 800 LBS. (WELD), 2000LBS. (FORGE) 
FORGE TIMING = 334 MILLISECONDS 
AVG. RATE CURRENT RISE = 2630 AMPS / MS 
800 
w 600 
z 
500 
200 
PEAK CURRENT IN KILO-AMPERES 
Fig. 17 


476-s 


that for the Alclad 24S-T alloy. Also in this alloy eutec- 
tic stringers (grain boundary fusion) are observed to e¢x- 


tend from the heat zone into the sheet. 


Fig. 18—Photomicrographs of a Spot Weld in Alclad XB75S.T, 
0.040 In. 
(Reduced 25% in reproduction) 
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R-30I-T, 0.040" 

ELECTRODE TIPS - 4" R.DOMES 

ELECTRODE FORCE = BOOLBS.(WELD), 2000LBS. (FORGE) 
FORGE TIMING = 33.4 MILLISECONDS 

AVG. RATE CURRENT RISE = 2630 AMPS/MS 


700 
200 


8 


0 
PEAK CURRENT IN KILO-AMPERES 
Fig. 20 


Fig. 21— h aacshcndiagsigdhs of a Spot Weld i in R-301-T, 0, 040 In. 
(Reduced 25% 


in reproduction) 


This alloy was included in the investigation as an ex- 
ample of a low-strength alloy whose properties are de- 
rived from cold work rather than from heat treatment. 
This alloy was received in two forms. One material had 
been fabricated as flat sheet and it had a relatively sniooth 
surface. The other material had been fabricated from 
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coil sheet and had a rougher surface. The hydrofluo- 
silicic acid solution (1.5%) was used at room temperature 
to prepare the surfaces of both types of material for spot 
welding. The two materials, however, responded differ- 
ently to the surface treatment, as shown by the following 
data: 


Average Surface Resistance 


in Microhms 
Treating Time in Minutes 
Source of Material Solution 2 4 8 16 
Flat sheet No. 14 7 3 4 40 
Coil sheet No. 14 63 18 35 36 
Flat sheet No. 16 660 70 8 6 
Coil sheet No. 16 > 1100 943 82 75 
400 
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Since most of the work was done with the material fabri- 
cated from coil sheet, a complete characteristic for the 
surface treatment of this material in the hydrofluosilicic 
acid solution is shown in Fig. 22. 

A strength-current characteristic for spot welds in 3S- 
'/sH is shown in Fig. 23. This characteristic is interest- 
ing because it is flatter than that obtained for any other 
alloy. Variations in peak current have little effect on 
the weld shear strength over a very wide range of current. 
A shear strength of about 425 Ib. is the upper limit for 
this alloy under these welding conditions. Forging was 
not necessary for the avoidance of cracks in this material. 

Photomicrographs of a section through a spot weld in 
3S-'/2H are shown in Fig. 24. This alloy, having a very 
narrow melting range, exhibits almost no equiaxed grain 
structure at the center of the weld. Also the alloy ex- 
hibits no heat zone surrounding the weld nugget as is 
observed in other alloys because of the lack of low- 
melting constituents in any appreciable amount. The 
dark spot at the very end of the weld on the right is a 
concentration of impurities, together with the compound 


Extruded 14S-T 


This alloy is produced only in the form of extruded 
shapes and forgings. The surface of this material is best 
prepared for spot welding by immersion in the nitric acid 
solution at 180° F. for from 5 to 15 min., as shown in 
Fig. 25. This figure also shows that the surface resist- 
ance is high and erratic when the material is treated in 
the hydrofluosilicic acid solution at room temperature. 
Solutions containing phosphoric acid as a constituent 
showed some promise at room temperature, as shown by 
the following data: 


Average Surface Resistance in 


Microhms 
Treating Time in Minutes 
Solution 2 4 8 16 32 
30% H;PO, 76 59 9 19 
Kelite K1B (1:1) 86 19 32 12 24 


The 14S-T specimens were obtained by cutting up an 
extruded angle having legs 0.035 in. and 0.048 in. in 
thickness. Strength-current characteristics of spot welds 
in both gages are shown in Figs. 26 and 27 for comparison 
with the characteristics for the other alloys in the 0.040 
in. gage. These characteristics indicate that with these 
welding conditions it is impossible to obtain as high shear 
strengths as in the Alclad 24S-T, Alclad XB75S-T and 
R-301-T. Expulsion of metal seems to be the limiting 
factor. This is believed to be associated with the high 
hardness of this alloy and the difficulty in obtaining a 
consistently low surface resistance in its surface treat- 
ment. An increase in electrode force should extend the 
range of these characteristics. 

Photomicrographs of a section through a spot weld in 
14S-T are shown in Fig. 28. The metallographic struc- 
ture of a spot weld in this material is very similar in ap- 
pearance to that of a weld in the R-301-T alloy. This is 
not surprising because of the similarity in chemical com- 
positions of the two alloys. However, in this alloy there 
appears to be no zone of grain boundary fusion surround- 
ing the weld except at the very ends of the weld. A wide 
band surrounding the weld which etches slightly darker 
than the parent sheet is evident in the 14S-T alloy but is 
not perceptible in the R-301-T. The sheet structures of 
the R-301-T and the 14S-T are markedly different due to 
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Fig. 24—Photomicrographs of a Spot Weld in 3S-'/:H, 0.040 In. 
(Reduced 25% in reproduction) 


the difference in fabrication, the former being rolled 
sheet while the latter is an extruded shape. 
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52S-"/sH 


This alloy was included in the investigation as an ex- 
ample of an alloy of intermediate strength whose proper- 


ties are derived from cold work rather than from heat. 


treatment. It is one of the easiest alloys to surface treat 
in preparation for spot welding. A characteristic for its 
treatment in hydrofluosilicic acid solution at room tem- 
perature is shown in Fig. 29. The surface resistance is 
reduced to a very low and consistent value in about 1 
min. and it does not rise as the treating time is extended 
to 15 min. 

A strength-current characteristic of spot welds in 
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Fig. 28—Photomicrographs of a Spot Weld in Extruded 145-T, 
0.035 In. 


(Reduced 25% in reproduction) 


52S-'/2H 0.040" 
NO.I4 SOLUTION, 3%, 75° F. 
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52S-'/2H is shown in Fig. 30. Under these welding con- 
ditions it was impossible to obtain shear strengths in 
excess of 600 Ib. as could be done in some of the other 
alloys. While the slope of the curve is rather steep, the 
characteristic is considered to be quite satisfactory. 
Under these conditions the forging was not necessary to 
avoid cracks in this material. 
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Photomicrographs of a section through a spot weld in. 
52S-'/2H are shown in Fig. 31. This is another alloy 
having a comparatively narrow melting range and ex- 
hibiting only a small equiaxed region in the weld nugget 
as compared with the columnar region. In the zone 
immediately surrounding the weld nugget there appears 
to be no grain boundary fusion except at the very ends 
of the weld. This zone is, however, characterized by a 
segregation of constituents which is different from any 
the ends of the welds does not appear to start at the weld 


nugget but rather at points within this zone of segrega- 
tion. 


61S-T 


This is a corrosion-resistant alloy which derives its 
strength from precipitation hardening and is used in the 
bare form. Next to bare 24S-T and extruded 14S-T it is 
the most difficult alloy to surface treat in preparation for 
spot welding. The best treatment consists of an immer- 
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Fig. 31—Photomicrographs of a Spot Weld in 52S-'/,H, 0.040 In. 
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sion in nitric acid solution at 180° F. for from 7 to 15 min. 
as shown in Fig. 32. This figure also shows the results 
that are obtained with the hydrofluosilicic acid solution 
at room temperature. While material treated in the 
latter solution may be weldable, its surface resistance is 
not as low as can be obtained with the hot nitric acid 
solution. 

A strength-current characteristic for spot welds in 
61S-T is shown in Fig. 33. This characteristic is com- = x 


SURFACE RESISTANCE IN MICROHMS 
8 


parable with that obtained with bare 24S-T and is con- . 
sidered to be quite satisfactory. Under the welding 
conditions employed, forging was not necessary to avoid a 8 | 
cracks. 

Photomicrographs of a section through a spot weld in 

61S-T are shown in Fig. 34. The amount of equiaxed 
ees grain structure as compared with columnar structure is 

are greater than in the 52S alloy, indicating a wider melting TIME OF TREATMENT IN MINUTES 
range for 61S. The heat-affected zone surrounding the Fig. 32 
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Comparison of Alloys 


Surface Preparation 


A summary of data on the final surface treatment of 
the ten alloys is presented in Table 4. Surface resist- 
ances of less than 50 microhms were obtained for all the 
alloys. All of the alloys were treated at room tempera- 
ture in the hydrofluosilicic acid solution with the excep- 
tion of bare 24S-T, extruded 14S-T and 61S-T. The lat- 
ter three alloys were treated at 180° F. in the nitric acid 
solution. Solutions containing phosphoric acid as a 
constituent showed promise for treating bare 24S-T and 
extruded 14S-T at room temperature. Satisfactory 
treatment of the 61S-T alloy at room temperature ap- 
peared to be more difficult. 

The bare XB75S-T alloy is the most critical with 
respect to overtreatment. Its time of treatment must be 
held within the range between 1 and 6 min. For the 
other alloys the time of treatment should be held within 
‘a range of about 5 to 12 min. As discussed in previous 
reports, the range in treating time for the clad materials 
may be affected by the method of heat treatment.” 


Stock heat treated in an air furnace usually requires a 
shorter treating time than stock heat treated in a nitrate 
bath. This effect has not been investigated for the 
Alclad XB75S-T and R-301-T materials. 


Welding Conditions 


A summary of the welding conditions for the ten alloys 
is presented in Table 5. These conditions produced reason- 
ably wide ranges of peak current and weld strength over 
which there is a high probability of getting sound welds 
of consistent strength. In welding the harder bare 
alloys, wider ranges of current and weld strength could 
have been obtained by using higher electrode forces and, 
in some instances, a greater radius of tip-face curvature. 
Similar improvements could have been obtained in 
welding the harder clad alloys by the same means. 
Electrode tips having a spherical contour, 4 in. in radius, 
were used for all of the alloys. Electrode forces of 800 
Ib. for welding and 2000 Ib. for forging were used for all 
of the clad materials. For the bare alloys, with the ex- 
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Fig. 34—Photomicrographs of a Spot Weld in 61S-T, 0.040 In. 
(Reduced 25% in reproduction) 


Table 4—Surface Treatment of Ten Aluminum Alloys for Spot Welding 


—Solution 


Alloy No. 
Bare 24S-T 16 
Alclad 24S-T 14 
Alclad 24S-T81 14 
Bare XB75S-T 14 
Alclad XB75S-T 14 
R-301-T 14 
14 
14S-T 16 
52S-'/,H 14 
61S-T 16 


Composition * 
HNO; 
3% H.SiFs 
5% HeSikFs 


* Per cent by volume of concentrated acid. 


Range in 

Contact 
Resistance, 
Microhms 


Range in 
Treating Time, 
Min. 
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A 
IS x 
z 
32 34 36 38 40 42 44 46 48 
PEAK CURRENT JN KILO-AMPERES 
ts SS 
Sy t 
va 
Temp., 
° Mm 
F. 
180 2-30 < 20 
80 4-12 < 20 
78 4-15 < 20 : 
76 1.25-6.25 < 5D 
72 2-12.5 <50 
1.5% HeSiFs 72 4-14 < 50 
1.5% HeSikFs 75 2-15 < 50 
2% HNO; 180 5-15 < 00 
3% HSiFs 80 1-15 < 10 
2% HNO; 180 3-15 < 50 
|| 481-s 
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Table 5—Welding Conditions for Ten Aluminum Alloys 


Electrode Contour, 4-In. Radius Dome; Transformer Turns 
Ratio, 300:1; Condenser Capacity, 720 Mfd.; Approximate 


Secondary Circuit Dimensions, 11!/2 x 36 In. 


Electrode Force Forge Force 
Alloy in Lb. Timing t 
(0.040 In.) Weld Forge Millisec. 
Bare 24S-T . 1200 2400 35.2 
Alclad 24S-T 800 2000 38.0 
Alclad 24S-T81 800 2000 39.5 
Bare XB75S-T 1200 2400 35.0 
Alclad XB75S-T 800 2000 33.4 
R-301-T 800 2000 33.4 
3S-'/.H 1000 2000* 38.0* 
14S-T (0.035 In:) 1200 2400* 35.0* 
14S-T (0.048 In.) 1200 2400* 35.0* 
52S-!/.H 1200 2400* 34.0* 
61S-T 1200 2400* 34.0* 


Forging not necessary to avoid cracks. 
+ Time from initial flow of current to start of forging. 


ception of the 3S-'/,H, electrode forces of 1200 Ib. for 
welding and 2400 Ib. for forging were employed. Elec- 
trode forces of 1000 lb. for welding and 2000 Ib. for forg- 
ing were used for the 3S-'/,H alloy. It should be pointed 
out that the forging was not necessary to prevent the 
formation of cracks in the 3S-'/;H, 14S-T, 52S-'/2H and 
61S-T alloys. For the clad alloys the time of application 
of the forging force, shown in Table 5, is quite critical if 
cracks and sheet separation are to be avoided. In 
welding the bare 24S-T and the bare XB75S-T the forg- 
ing force may be applied earlier without getting excessive 
sheet separation but not much later if cracks are to be 
avoided. 

The same transformer turns ratio and condenser 
capacity were used for all of the alloys. The only 
variable was condenser voltage which determined the 
peak value of the welding current. Data on the current 
wave-forms used for welding the ten alloys are summa- 
rized in Table 6. The time required for the current to 
reach its peak was practically constant for all the alloys. 
As a result the average rate of current rise was dependent 
upon the peak value of the current. Generally, when 
expulsion or flashing from between the faying surfaces 
occurs frequently in welding an alloy, the surface prep- 
aration should be improved, and/or the welding condi- 
tions readjusted to permit the use of a lower average rate 
of current rise, a higher electrode force for welding, 
and/or a flatter electrode-tip contour. Likewise, the 


= 


welding conditions should usually be readjusted to permit 
the use of a higher average rate of current rise in going to 
thinner sheet stock. 


Strength-Current Characteristics 


The best strength-current characteristic was obtained 
for Alclad 248-T (Fig. 8). The welding conditions were 
nearly ideal for this alloy. The characteristic shows an 
extremely wide range in peak current over which sound, 
crack-free welds can be made. The steepest character- 
istics were obtained with the bare 24S-T (Fig. 5) and 
52S-'/2H (Fig. 30). The flattest characteristic was 
obtained with 3S-'/2H (Fig. 23). The average slopes of 
the characteristics for the remaining alloys were about 
the same and intermediate between those mentioned 
above. This indicates that variations in peak welding 
current might be expected to affect weld strength most 
in bare 24S-T and 52S-'/,H, and least in 3S-'/.H. 


Shear Strength 


Stronger welds have been made in Alclad 24S-T than 
in any of the other nine alloys. In this alloy a shear 
strength of 850 Ib. has been obtained in crack-free welds 
on several different occasions. This is remarkable for 
stock that is chemically surface treated. This, however, 
is not recommended as an average to be attained in pro- 
duction. For the welding conditions used in this in- 
vestigation, it appears that 600 Ib. is a practical upper 
limit for the average shear strength of spot welds in all 
of the alloys with the exception of 3S-'/2H, 14S-T and 
possibly 52S-'/2H. The corresponding values are 425, 
500 and 575 Ib. for the latter three alloys, respectively. 


Normal Tension Strength 


The results of the shear and normal tension tests are 
summarized in Table 7. Three sizes of welds were in- 
vestigated in each alloy as indicated by the three values 
of average shear strength. It is interesting to note that 
in all alloys the strength in normal tension remained 
approximately constant as the weld size varied. As a 
result the ratio of the tension strength to the shear 
strength decreased as the welds increased in size. This 
was true for all six of the alloys that were tested in this 
manner. The tension/shear ratio exceeded 0.50 in the 
3S-'/2H, 52S-'/:H and 61S-T alloys, whereas it ranged 
from approximately 0.25 to 0.50 in the Alclad 24S-T, 
Alclad XB75S-T and R-301-T alloys. For welds of a 
given shear strength a slightly higher tension/shear ratio 
was obtained in the Alclad 24S-T and R‘301-T alloys 
than in the Alclad XB75S-T. 


Table 6—Data on Current Wave-Form for Welding Ten Aluminum Alloys 


- Welding Current 


Condenser 

Voltage Range (Peak), 
Alloy (0.040 In.) Range Kilo-Amp. 
Bare 24S-T 1800-2200 31.0-37.8 (6.8) 
Alclad 24S-T 1700-2450 29.4-42.6 (13.2) 
Alclad 24S-T81 1750-2200 30.1-38.2 (8.1) 
Bare XB75S-T 1650-2100 28 .4-36.2 (7.8) 
Alclad XB75S-T 1700-2200 29.6-38.7 (9.1) 
R-301-T 1600-1950 27 .6-33 .7 1) 
3S-'/.H 2100-2700 36 .8-48.0 (11.2) 
148-T (0.035 In.) 1800-2100 31.0-36.2 (5.2) 
14S-T (0.048 In.) 1850-2150 _ 82.3-37.5 (5.2) 
52S-'/,H 2100-2350 36.6-41 .2 (4.6) 
61S-T 2200-2550 38.0-44.9 (6.9) 


* With a coefficient of variation of 7.5% 430 Ib. is the lowest acceptable strength if 99.5% of all the welds are to exceed the Army 


Average Weld Shear 
Time to Peak, Rate of Rise, Strength Range, 
Millisec. Amp./Miliisec. Lb. 
11.4 3020 430*-680 
11.3 3190 430-870 
11.4 3000 430-630 
11.6 2780 430-675 
11.9 70 430-730 
11.9 2580 430-635 
11.3 3750 365-440 
11.6 2900 365-490 
11.9 2930 365-595 
11.3 3440 430-605 
11.3 3670 430-655 


minimum strength of 345 Ib. This limit was reduced by 15% for the 3S-'/,H and 14S-T alloys in which it was difficult to obtain high 


weld strengths. 
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= Sheet Separation 
Table 7—Summary of Results of Shear and Normal Tension Sheet separation is much more likely to be excessive in 
Tests of Spot Welds the clad than in the bare materials. In this investigation 
Average Averaget the only serious trouble with excessive sheet separation 
Shear Tensile was encountered in welding the Alclad 24S-T81 material. 
Alloy* Coss, —— —— uae med This was due to the fact that the cladding on this ma- 
, ; terial was about double the thickness of that on the regu- 
Alclad 24S-T 0.040 692 210 0.30 lar Alclad 24S-T 
Alclad XB75S-T 0.040 760 195 0.26 Metallography 
pao a ao The microstructure of spot welds in all aluminum 
R-301-T 0.040 630 230 0 36 alloys is characterized by certain zones of different struc- 
533 223 0.42 ture depending upon the heating and cooling cycles to 
437 228 0.52 which these regions have been subjected.2* Thus the 
38-1/:H 0.040 = a ey center of the weld nugget is observed to be made up of a 
398 265 0 665 dendritic, equiaxed grain structure caused by the melting 
52S-'/sH 0.040 630 330 0.524 and subsequent slow cooling of this region. Surrounding 
560. 328 0. 586 the equiaxed zone is a dendritic, columnar grain structure 
as-T 0.040 oar eo resulting from melting followed by very rapid cooling. 
‘ 587 312 . 0.532 The relative amount of equiaxed and columnar grains 
493 322 0.652 depends chiefly upon the width of the melting range of 


* Chemical surface preparation. 
+ Normal tension specimen shown in Fig. 1. 


Sheet Efficiency 


The results of tests to determine the effect of spot 
welds on the sheet efficiency of six alloys are summarized 
in Table 8. Specimens of the stressed-attachment (SA) 
type were employed since earlier work had shown this 
type of specimen to be most sensitive to the effects of 
cracking in spot The 3S-!/zH and 52S-'/,H 
alloys are definitely less affected with respect to sheet 
efficiency than the other alloys. It is difficult to draw 
any distinctions among the other alloys due to the 
erratic nature of the results. It should be pointed out 
that all of the spot welds in these specimens were sound 
and free from cracks as determined by radiographic 
examination. 


Susceptibility to Cracking 

Under the welding conditions employed in this in- 
vestigation the 3S-'/.H, 14S-T, 52S-'/.H and 61S-T 
alloys were not susceptible to cracking even without the 
application of forging. Without forging the other alloys 
appeared to be equally susceptible to cracking. 


the alloy, and some alloys having very narrow melting 
ranges, i.e., 3S, show an almost complete lack of equiaxed 
grains at the center of the weld nugget. The relative 
amount of equiaxed grain structure as compared with 
the columnar region in a spot weld in a clad alloy is not 
simply related to the melting range of the core material. 
This is due to the large amount of high-melting cladding 
which must be assimilated into the nugget during the 
welding. Most alloys show a heat-affected zone sur- 
rounding the weld nugget. This zone is characterized 
by the segregation of low-melting constituents along the 
grain boundaries and precipitation or segregation of con- 
stituents within the grains, depending upon the chemical 
composition and susceptibility to heat treatment of the 
alloy. Other phenomena to be noted in the examination 
of the microstructure of aluminum alloy spot welds are 
the protrusion of cladding into the weld nugget and the 
entrapment of constituents in certain alloys at the edge 
of the columnar zone near the ends of the weld. 

All the spot welds in this investigation were made with 
the same welding equipment and with practically the 
same welding conditions in so far as their effects on spot- 
weld metallography are concerned. Similarities or 
differences in the metallographic structures of spot welds 
in the different alloys are due almost entirely, therefore, 
to corresponding similarities or differences in their chemi- 
cal compositions. 


Table 8—Summary of Results of Tests to Determine Effect of Spot Welding on Sheet Efficiency in Ten Aluminum Alloy 
Average —Stressed Attachment Specimens— 


-———-Unwelded Sheet in Tension——. Spot in Tension 
Average Average Weld Average Average 
Yield Ultimate Average Shear Yield Ultimate Average —Average Efficiency in Per Cent— 
Alloy Strength, Strength, Elongation, Strength, Strength, Strength, Elongation, Vield Ultimate 
(0.040 In.) Lb. Lb. % in 2 In. Lb. Lb. Lb. % in 2In. Strength Strength Elongation 
Alclad 24S-T 45,700 65,800 19.9 692 45,100 55,500 5:73 98.6 84.5 29.9 
632 45,500 62,000 10.87 99.6 94.2 56.8 
540 45,900 58,700 6.63 100.3 89.2 34.7 
Alclad 67,200 79,000 11.2 760 64,700 71,270 2.27 96.2 90.2 20.2 
XB75S-T 670 66,700 73,200 3.73 99.3 92.7 33.3 
573 67,400 73,500 3.27 100.3 + 93.0 29.2 
R-301-T 61,500 69,800 10.7 630 59,500 64,200 3.87 96.9 92.0 36.1 
533 59,500 64,270 2.13 96.8 92.1 19.9 
437 59,870 63,700 2.13 97.3 91.3 19.9 
38-'/;H 19,200 20,200 7.7 440 18,500 19,470 4.83 96.4 06.4 62.8 
422 18,770 19,570 4.73 97.7 96 .¢ 61.5 
398 19,100 19,940 4.77 99.5 98.8 62.0 
52S-'/;H 30,200 37,300 PR 630 30,470 34,900 4.97 100.9 93.5 64.6 
560 30,660 35,000 4.90 101.6 93.9 63.7 
535 30,700 35,250 5.07 101.7 94.5 65.9 
61S-T 38,100 44,200 11.4 657 37,250 39,600 3.30 97.8 89.6 29.1 
587 - 37,200 40,200 3.83 97.7 91.0 33.6 
593 38,25 40,700 4.13 100.4 92.1 36.2 
1946 SPOT WELDING ALUMINUM ALLOYS 483-s 


J 


The alloys, bare 24S-T, Alclad 24S-T and Alclad 24S- 
T81 exhibit almost identical metallographic structure be- 
cause of similarity in chemical composition. The zone of 
equiaxed grains in the nugget of the bare XB75S-T alloy 
is relatively larger than in the other aluminum alloys 
investigated, indicating a wide melting range for this 
alloy. Spot welds in R-301-T and extruded 14S-T are 
metallographically similar as far as the weld nugget is 
concerned. There is a zone of incipient fusion surround- 
ing the weld nugget in R-301-T, whereas the correspond- 
ing region in the 14S-T material shows no grain boundary 
melting except at the ends of the weld. It may be in- 
teresting to note that the compositions of these alloys 
are almost identical. The weld nugget in the 3S alloy is 
characterized by an almost complete lack of equiaxed 
grains, due to the narrow melting range of the alloy. 
Spot welds in the 52S alloy show a zone of segregated con- 
stituents surrounding the weld nugget. Both the 52S 
and 61S alloys show heavy horns of low-melting con- 
stituents along the grain boundaries at the ends of the 
welds. 


Electrode Tip Life 


Limited laboratory experience indicates that with good 
surface preparation tip pickup does not occur nearly as 
rapidly when welding the hardest alloys, bare 24S-T, bare 
XB75S-T and extruded 14S-T as when welding the other 
materials. At present no clear distinction can be drawn 
among Alclad 24S-T, Alclad XB75S-T and R-301-T on 
this point. If surface hardness is an important factor in 
this respect, one should expect the 61S-T and R-301-T 
alloys to be superior to the clad forms of the 24S-T and 
XB75S-T. 


Conclusions 


In interpreting the conclusions reached in this investi- 
gation, due consideration must be given the following 
limitations of the work. All of the alloys were investi- 
gated in the 0.040-in. gage. This fact is particularly im- 
portant from the viewpoint of surface preparation of the 
clad materials, since most difficulties become more pro- 
nounced as the gage is reduced. Major emphasis was 
placed on two methods of surface preparation. One 
method employed a dilute solution of hydrofluosilicic 
acid at room temperature, which is giving excellent re- 
sults in the laboratory and under production conditions. 
The other method employed a dilute solution of nitric 
acid at 180° F., which gives very good results in the 
laboratory on the alloys that are more difficult to treat. 
Two solutions containing phosphoric acid ‘as a major 
constituent were also tried on the latter alloys. Ex- 
cellent welding conditions were found for the Alclad 24S- 
T. These were subsequently modified to obtain good 
spot-welding characteristics for the other alloys. Even 
better characteristics could have been obtained for some 
of the harder alloys by the use of higher electrode forces, 
and in some instances a greater radius of tip-face curva- 
ture. Subject to these limitations the following conclu- 
sions are drawn: 

1. With good surface preparation and proper selec- 
tion of welding conditions, the ten alloys are readily 
weldable. 

2. With any given electrode welding-force and tip 
contour 3S-'/,H, 14S-T, 52S-'/2H and 61S-T are less 
susceptible to cracking than 24S-T, XB75S-T and R- 
301-T. Forging is not always needed for the former 
alloys, whereas it is essential for the latter alloys, particu- 
larly in the heavier gages. 

3. Limited laboratory experience indicates that 
with good surface preparation better tip life can be ob- 
tained with the hard, bare alloys such as 24S-T, XB75S-T 
and 14S-T than with the other materials having softer 
surfaces. 


4. In the clad materials sheet separation dep¢ iis 
largely upon the thickness and hardness of the cladding 
Due to this fact it was difficult to make sound weljs 
without excessive sheet separation in the Alclad 24S. 
which had abnormally thick cladding. 

5. The hydrofluosilicic acid solution is very effectj\e 
at room temperature for preparing the surfaces of Alc}. 
248-T, Alclad 24S-T81, XB75S-T (bare and Alcla\\) 
R-301-T, 3S-!/:H and 52S-!/sH for spot welding. 
not suitable for bare 24S-T, extruded 14S-T and 61S-T 

6. The nitric acid solution is very effective at 180° F. 
for preparing the surfaces of bare 24S-T, extruded 14S-T 
and 61S-T for spot welding. 

7. A consistently low surface resistance is necessary 
for all the alloys if good spot-welding characteristics are 
to be obtained. This becomes more important as the 
surface hardness of the alloy increases. 

8. Sound welds have been made in Alclad 24S-T, 
having higher shear strengths than in any other alloy. 

9. Within certain limits the strengths of spot welds 
in normal tension are independent of weld size and shear 
strength. 

10. The alloys, 3S-'/;H, 52S-'/,H and 61S-T, have 
higher ratios of tension to shear strength than the alloys, 
Alclad 24S-T, Alclad XB75S-T and R-301-T. In this 
respect Alclad 24S-T and R-301-T are slightly superior 
to the Alclad XB75S-T. 

11. The surface-treating characteristics of an alloy, 
3S-'/:H for an example, may depend upon whether it is 
fabricated from coil sheet or as flat sheet. 

12. The effect of spot welds upon sheet efficiency is 
less in those alloys which depend upon cold work for their 
physical strength than in the heat-treated alloys. 
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secting butt welds, reported in a previous paper, fit was 
found that the longitudinal stresses were zero at the 

two ends of the joint and increased quite rapidly, reaching 
a maximum value at approximately 9 in. from the ends. 
It thus appeared that welds shorter than about 18 in. 
(twice the 9-in. distance) would have maximum longi- 
tudinal residual stresses less than those of longer lengths 
and that the maxima should be a function of the length. 

An accurate determination of this relationship was de- 
sirable since, if various specimens were to be studied to 
determine the effect of several variables upon the residual 
welding stresses, it was necessary to know the minimum 
specimen length which could be used and still be assured 
that maximum possible stresses would be obtained. It 
also appeared possible that, if the weld length determined 
the magnitude of the longitudinal residual stresses, the 
value of the maximum longitudinal residual stresses could 
be controlled by making welds by the block technique so 
that the stress magnitude would be controlled by the 
block length. 

It was also desirable to determine whether the relation- 
ship between weld length and residual stresses was the 
same for both Unionmelt and manual welds. 


|; STUDIES of the residual welding stresses in inter- 


Procedure 


Two series of weldments were prepared as shown in 
Table 1 and Fig. 1. In each series the only variable was 
the length of the weld. The width of each specimen was 
sufficient to assure that full restraint was applied in this 
direction. In each case the two plates were fitted together 


* Associate Professor of Mechanical Engineering, University of California, 
t Assistant Professor of Mechanical Engineering, University of California. 

al “Residual Stresses in Intersecting Butt Welds,”” Toe Wetpinc JouRNAL, 
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Table |1—Details of Test Panels 


Panel Length, Welding 
No. In. Process 
43 3 Unionmelt 
24 4 Unionmelt 
44 5 Unionmelt 
25 8 Unionmelt 
26 12 Unionmelt 
27 18 Unionmelt 
28 24 Unionmelt 
29 36 Unionmelt 
46 5 Manual 
47 7 Manual 
48 10 Manual 
49 1s Manual! 
19 48 Manual 


The Effect of Weld Length Upon the 
Residual Stresses of Unrestrained 


Butt Welds 


By E. Paul DeGarmo,* J. L. Meriam and Finn Jonassen 
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A. UNIONMELT 


Electrode: Linde $36 i"; 
\ j Unionmelt Pros #20-200 
re > Current: 1060 amps 
Speed of arc travel: 12-15 in/min 
Details: Pass 1: Flame gouge back 
side; Passe 2. 
AFTER FIRST SIDE +0 
WELOED 
B. MaANnvAL 
(Dovsce-v) , 
9 Blectrode: Passes 144; 6/32" B6010 
Passes 2,3,5,6; 1/4" E6012 
Current: Root passes: 150-165 amps 
Other passes: 300-320 amps 
Detaile: Passes 1,2,3; Back chip; 
Passes 4,5,6. 


Fig. 1—Edge Preparations and Welding Procedures 


and tack welded using 2-in. tacks on 4-in centers. For 
the 3-in. long panels two tack welds were used, one at each 
end. Starting: and run-off tabs approximately 6 in. 
square were fitted to each end of the joint to assure sound 
welds clear to the ends. These tabs were sawed off before 
strain measurements were taken. During welding re- 
straint was applied only in the direction normal to the 
plane of the plates. This was done by means of wedges 
so the plates were free to move in their plane. 

When the welds had cooled, the residual stresses were 
determined by the technique described in the first paper 
of this series.* 


Results 


The results of the tests are shown in the curves of Figs. 
2,3 and 4. In Figs. 2 and 3 are shown the longitudinal 
and transverse residual stresses for the two series of 
panels. In all cases the values shown are the stresses de- 


**“*A Method for the Measurement of Residual Welding Stresses,” 
JourNnaL, 25(6) Research Suppl., 340-s to 343-s (1946). 
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termined from the averages of the strains on the two sides 
of the welds. In this manner effects of bending were 
eliminated. It will be noted that the results shown in 
Fig. 2 for Unionmelt welds are in very good agreement 
with those indicated in Fig. 3 for manual welds. For 
welds less than 20 in. in length the curves of longitudinal 
residual stresses are similar in shape, indicating zero 
stress at the ends of the welds and maximum magnitudes 
at mid-points. For lengths greater than 20 in. the stresses 
reach a maximum within 10 in. of the ends of the weld and 
and are then approximately constant throughout the dis- 
tance between the 10-in. lengths at each end. 

For all welds the transverse residual stresses show the 
same pattern of being rather high compression at each 
end of the weld and low tension throughout the remainder 
of the weld length. 

The effect of weld length upon the longitudinal residual 
stresses is shown clearly in Fig. 4. In this figure the maxi- 
mum value of the longitudinal residual stresses for each 
panel is plotted vs. the weld length. For welds longer 
than 18 in. the values shown in Fig. 4 are the averages of 
the stresses along the flat portion of the curves as shown 
in Figs. 2 and 3. 
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Fig. 2—Residual Stresses in Welds of Different Longths-—Unionmelt 


It is apparent, from Fig. 4, that all of the welds 20 in. or 
more in length had almost the same maximum longi- 
tudinal residual stresses, being 48,000 + 2,000 psi. Welds 
10 in. long had maximum longitudinal residual stresses 
about 13% less in magnitude than those 20 in. long. Be- 
low 10 in. “in length, the maximum longitudinal residual 
stresses decreased very rapidly. 

These data indicate that in 1-in. plate as welding pro- 
ceeds from the end of a butt joint, 9 in. to 10 in. of weld 
length is required before sufficient differential shrinkage 
exists between the weld and the restraining plate to build 
up maximum longitudinal residual stress. The fact that 
residual stress does not increase for weld lengths beyond 
20 in. may be due to either of two conditions. First, if the 
metal in a weld of 20-in. length is stressed to its yield, 
higher values of stress cannot be induced without a con- 
siderable additional amount of elongation. Second, the 
thermal conditions may not be more extreme for welds of 
greater length than exist in welds of 20-in. length. How- 
ever, since Unionmelt and manual welds have residual 
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Fig. 3—Residual Stresses in Welds of Different Lengths—Manual 


stresses of approximately the same magnitude but have 
different thermal conditions, it appears that the yield- 
point stress theory is probably correct. 

The results of this series of tests point out the necessity 
for using specimens of at least 18-in. length whenever 
tests are to be made which deal with maximum residual 
stresses. 

The results also indicate the possibility of controlling 
the magnitude of the longitudinal residual stresses by 
using block welding techniques. A later paper will report 
on such tests. | 

While the work was done on plate | in. thick, a similar 
situation would undoubtedly exist in plate of other 
thicknesses although the length required to produce maxi- 
mum stresses may be somewhat different. 


Conclusions 


From these results the following conclusions are drawn 
for butt Unionmelt welds, or manual welds made in the 
ordinary manner, in plate 1 in. thick. 
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1. For welds up to approximately 20 in. in length the 
magnitude of the maximum longitudinal residual stresses 
is a function of the weld length. 

2. For welds greater than approximately 20 in. in 
length the magnitude of the longitudinal residual stresses 
is zero at the ends of the weld and increases rapidly until 
it reaches a maximum value at points about 10 in. from 
each end. Throughout the remainder of the length the 
magnitude of these stresses is maximum and approx- 
imately constant. 

3. Regardless of length the transverse residual 
stresses are similar in pattern, being high compression 
(about 30,000 psi.) at the ends and low tension (about 
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10,000 psi.) in the center portion. 


4. Where residual stresses may affect the results, weld 
specimens should be at least 20 in. long to assure having 


maximum residual stresses. 


Effect of Temperature Gradients Upon the 
Introduction of Residual Stresses in Weldments 


ONSIDERABLE thermal stress re- 
lieving of weldments and other struc- 
tures is currently being ‘used on pressure 
vessels and machinery parts. However, 
there is no agreement as to the cooling 
rate which should be used after the speci- 
men has been subjected to a temperature 
above 1100° F. for a soaking period of 
1 hr. for each inch or fraction thereof of 
maximum thickness of section. 

To prove this point I quote from two 
of the better-known and more widely used 
specifications. One specification reads: 

“During heating and cooling the tem- 
perature difference between any two points 
on the weldment shall not exceed 100° F. 

“... The rate of heating and cooling of 
the weldment may be controlled by main- 
taining a temperature difference of not 
more than 75° F. between the two thermo- 
couples attached to the weldment which 
indicate the maximum and minimum tem- 
peratures. 

“. .. Upon cooling the weldment may, if 
desired be removed from the furnace when 
the maximum temperature of the weldment 
has fallen to 300° F.t” 


* Reprinted from December 1944 issue Engi- 
neering Experiment Station News, The Ohio State 
University. 

t Associate Professor of Welding Engineering, 
The Ohio State University. Now Research 
Eaginecr, Tke R. C. Mahon Co., Detroit 11, 

ic 


t Specifications for Welding. Pt. JI. For 
Vessels of U. S. Navy. Navy Dept., Bur. of 
Ships. General Specifications Appendix 5. 
April, 1940 edition. Washington, D. C. 


or Steel Castings 


By J. R. Stitt' 


The other specification reads: 

“Where stress relieving is required, it 
shall be done by heating uniformly to at 
least 1100° F. and up.to 1200° F., or 
higher if this can be done without dis- 
tortion. The structure or parts of the 
structure shall be brought slowly up to the 
specified temperature and held at that 
temperature for a period of time propor- 
tioned on the basis of at least 1 hr. per 
inch of thickness and shall be allowed to 
cool slowly in a still atmosphere.’’§ 

Many investigators have concluded that 
a temperature differential of 150° F. will 
set up yield-point stress in a structure 
made of mild steel. The calculations 
shown in this paper indicate that a tem- 
perature differential of 170° F. will set up 
yield-point stress in mild steel structures 
and any increase in the temperature dif- 
ferential will produce plastic flow. It is 
also concluded that in the case of certain 
ideal geometries as much as 340° F. dif- 
ferential in temperature is required to 
produce yield-point stress and a still higher 
differential to produce plastic flow in the 
mild steel. To have the condition just 
mentioned, not only must the geometry 
of the structure be symmetrical but com- 
pression and tension areas opposing each 
other must be balanced and the heating or 


A.S.M.E. Unfired Pressure Vessel Code’ 
Procedure Handbook of Arc Welding Design and 
Practice. 7th ed., 1942. Lincoln Electric Co., 
Cleveland, Ohio. 
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cooling must be such that the compression 
and tension stresses are ideally balanced. 

A few calculations should be reproduced 
here to prove my point. Using the well- 
known formulas: 


6 = = AtXa 

6 = unit deformation 

s = yield point for mild steel = 33,- 
000 psi. 

E = modulus of elasticity for mild 
steel = 29,000,000 psi. 

a = coefficient of thermal expan- 
sion = 0.0000067 in./in./° F. 

At = change in temperature; ° F. 


6 = AtXa= E 
s 
At = XE 
33,000 
At = 


0.0000067 X 29,000,000 
At = 170° F. (actually 169.84° F.) 


This means if the mass of steel marked 
A + A in Fig. 1 is heated 170° F. above 
room temperature while the remaining 
mass of the specimen is held at room tem- 
perature, mass A + A would try to elon- 
gate 170** X 0.0000067 in. or 0.001138 
in. since the mass has a length of unity. 
The actual elongation of mass A + A 
would be only 0.000569 in. since the mass 


* * Actnally 169.84° FP. 


fe 


4 


Attention is called to the fact that the 
term “‘mass” in the accompanying 
figures refers to a particular volume 
of the specimen. These various 
masses are indicated on the figures 
below by surface cross-hatching, and 
are not to be thought of as areas but 
rather ‘as symmetrical volumes di- 
erctly behind the lettered area. 


A +A= (ass 8 


” 


if 
N 


A +A 


A 


a: 2%— 


} 


Fig. 2 
B at the center of the specimen would be 
stressed in tension equal and opposite to 
the compressive stress in mass A + A. 
(All residual stresses must be balanced 
within the structure.) 

That is to say that heating mass A + A 
170° F. above the temperature of mass B 
will produce only one-half yield-point 
stress in both the heated and the cold 
metal. Therefore, with this specimen of 
ideal geometry (Fig. 1), it is theoretically 
possible to heat mass A + A 340° F. and 
produce only yield-point stress in both 
tension and compression, after which if 
allowed to cool the specimen will return to 
the original shape. 

Now let us assume that the specimen 
is machined to the dimensions shown in 
Fig. 2. The center rib would be reduced 
to one-tenth of original mass B and called 
mass C, Fig. 2. If mass A + A of Fig. 2 
is heated to 170° F. above room tempera- 
ture while the remaining mass of the 
specimen is held at room temperature, 
mass A + A would again try to elongate 
0.001138 in. but this time, restrained by 
only one-tenth the original mass, would 
elongate only '/, X 0.001138 in. Mass 
C would also elongate ”/,, X 0.001138 in. 
and produce a stress of /,, of 33,000 or 
30,000 psi. tension in mass C. At the 
same time the elongation of “/y, X 
0.001138 in. (0.001035 in.) in mass A + 


A will produce only 3000 psi. in compres- 
sion in mass A + A. (The above state- 
ments can be checked as follows: 1 sq. in. X 
3000 psi. = 0.1 sq. in. X 30,000 psi. 
Again I repeat: all residual stresses must 
be balanced within the structure.) 

If mass A + A (Fig. 2) is heated ™/\) X 
170° F. or 187° F., the metal under com- 
pression will try to elongate 187 X 
0.0000067 in. or 0.001253 in. However, 
the actual elongation will be only /), X 
0.001253 in. or 0.001138 in., which is 
enough elongation to produce yield-point 
stress in mass C. Therefore, any tem- 
perature rise in mass A + A greater than 
187° F. above room temperature would 
produce plastic flow in mass C. Moreover, 
if mass C (Fig. 2) were further reduced 
by machining, the 187° F. differential in 
temperature would likewise produce plastic 
flow in the newly reduced cross section. 
Thus, the permissible thermal differential 
is largely governed by the geometry of the 
specimen. 

The above reasoning prompted the con- 
struction of the specimen as shown in 
Figs. 3 and 4. This type of specimen was 
selected because of its symmetry, ease of 
preparation, and possible range of ratios 
between the areas of the members. The 
pipe sleeve (Fig. 3) was slipped over the 
shaft, thermocouples and collars and 
welded to the collars. The specimen was 
then heated to 1200° F., held at tempera- 
ture for 3 hr., removed from furnace and 
then allowed to cool in still air while 
thermocouple readings were taken from 
which average cooling rates of the shaft 
and sleeve were determined. The first 
reading of the cooling temperature data 
indicated a maximum average differential 
of 172° F. when the sleeve average was 
730° F. and the shaft average was 902°. 
This differential was sufficient to stress the 
sleeve beyond its yield point and cause 
plastic flow which produced 22,600 psi. 
in compression when the specimen finally 
reached room temperature. 


Fig. 3—Partially Completed Specimen 


WELDING RESEARCH SUPPLEMENT 


The 22,600-psi. value was determined 
by the relaxation method. Strain-gage 
measurements were taken before and after 
a lathe cut was made near the lower end 
of the sleeve. Strain-gage measurement 
on the shaft indicated 4650 psi. tension jn 
the shaft. ‘ Since the area of the shaft was 
five times the area of the sleeve in the 
specimen tested, the results obtained check 
fairly closely. 

The question might be asked: Why did 
the 172° F. differential produce plastic 
flow and a resulting compression of 22,600 
psi. in the sleeve when theoretically the 
differential required to produce yield 
point stress would be */, of 170° F. or 
204° F.? This question can best be an- 
swered by recalculating the original calcu- 
lations for At when the values of EZ, a and 
yield point are corrected for the particular 
elevated temperatures in question. 

In the range of 730 to 902° F. the values 
of a, EZ, yield point and Af change to: 


Fig. 4—Completed Specimen 


s = 24,000 psi. = yield point 

E = 22,550,000 psi. 

a = 0.0000079 in. /in./° F. 
24,000 

Al = 99 550,000 X 0.0000079 


At 1100° F. the values of a, E, yield point 
and At change to: 

s = 14,250 psi. = yield point 

E = 19,000,000 psi. 

a = 0.0000082 in./in./° F. 

14,250 

At = 79,900,000 x 00000082 F 

Even in the case where At = 135° F. 
plastic flow should take place because 
*/, X 135° F. = 162° F. which is still 
below the temperature of 172° F. which 
was recorded. 

This paper does not mean to set forth 
definite conclusions, but rather to stimu- 
late thought along the lines discussed and 
to stimulate research work involving the 
new types of specimens shown in Fig. 2 
and Fig. 4, 
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Reduction of Residual Welding Stresses 
by the Use of Austenitic Electrode 


By Finn Jonassen,* J. L. Meriam* and E. Paul DeGarmot 


Introduction 


maximum longitudinal residual welding stresses in 

weldments made of low-carbon, ship quality steel 
plates 1 in. thick and welded with type E-6010 and 
E-6012 electrode were about 48,000 psi. Since these 
stresses were considerably greater than the yield strength 
of the plate material, it appeared that they were a func- 
tion of the yield strength of the deposited weld metal. 
It therefore appeared that one. possible method of re- 
ducing the magnitude of residual welding stresses would 
be to employ electrode which had lower yield strength 
than those commonly used. In order to check this 
theory several test panels were made using austenitic 
electrode and the resulting residual welding stresses com- 
pared with those of similar panels made with type E-6010 
and E-6012 electrode. 


|: previous experiments’? it had been found that the 


Procedure 


The test panels which were constructed are listed in 
Table 1. Panels 16 and 19 were used as control panels. 
Details regarding the welding procedures which were 
used are given in Figs. 1,2 and 3. Each panel was made 
of two plates 3 ft. x 4 ft. x 1 in. joined by a 4-ft. butt 
weld. The edges were prepared by burning. The 

* Assistant Professor of Mechanical Engineering, University of California. 

+ Associate Professor of Mechanical Engineering, University of California. 


‘Residual Stresses in Intersecting Butt Welds,”’ WeLpInc JouRNAL, 
Aug. 1946, 451-s to 462-s. 


*“The Effect of Weld Length Upon the Residual Stresses of Unrestrained 
Butt Welds,” Jbid., Aug. 1946, 485-s to 487-s. 
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Fig. 1 


Edge Preparation 


plates were then tack welded using 2-in. tacks on 12-in. 
centers. Wedges were used to hold down the plate edges 
so that they could not rise but could move in the plane 
of the plates. Run-off tabs 6 x 6 x 1 in. were used at 
each end of the weld to assure a sound weld clear to the 
edge of the panel. In panels 19 and 20 continuous weav- 
ing passes were made from edge to edge. In making pan- 
els 16, 35 and 51 each block was completed before start- 
ing the next increment. As shown in Fig. 3, three passes 
were deposited on each side to form each block. In 
each case all of the welding on one side was completed 
before starting the welding on the other side. The 5-in. 
block lengths were selected because this approximated 
the length of deposit obtained from one electrode and 
therefore represented an economic production length. 


Approximate 


Size 
4’x6’x1" 
4’x6’x1" 
4’x6’x1" 
4’x6’x1" 
4’x6’x1’ 


* Control panels. 
(1) Armorloy—type 5 AM. 


Edge 
Preparation 


See Fig. 1 
See Fig. 1 
See Fig. 1 
See Fig. 1 
See Fig. 1 


Electrode 
E-6010 


E-6012 
Austenitic 


Austenitic 
Austenitic 


(1) 


Table | 
Welding 
Procedure 

Std. manual 

(See Fig. 2) 

Std. manual 

(See Fig. 2) 
k 


Remarks 
Continuous weaving passes 


Continuous weaving passes 


5-in. block increments 

Each block completed before next block is started 
Blocks made step back, starting at center and 
progressing alternately toward two edges 


IX 
Panel 
19* | 
20 
(1) 
E-6010 3 
. B-6012 (See Fig. 3) 
Block } 
(See Fig. 3) } 
Block 
(See Fig. 3) 
489-s 
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Fig. 4—Residual Welding Stresses, Panels 19 and 20 
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Fig. 5—Residual Welding Stresses, Panels 16, 35 and 51 


After the welding of the panels was completed the run- 
off tabs were removed by drilling. The residual stresses 
were then determined by means of SR-4 electrical resist- 
ance strain gages using the relaxation technique de- 
scribed in a previous "paper.* 


Results 


_ The results obtained from these tests are summarized 
in Figs. 4and 5. As shown in Fig. 4, when used in con- 
tinuous weaving passes the use of austenitic electrode 
gave about 5000 psi. lower longitudinal residual welding 
stresses than had been obtained with E-6010 and E-6012 
electrode. Approximately the same reduction in the 
transverse tensile stresses was also obtained. 

Figure 5 shows that in the case of block welding the 
reduction in the maximum longitudinal residual stresses 
was again 5000 psi. although there was quite a bit of 
variation between the results of the two panels welded 
with austenitic electrode. Such variations had been 
found previously on other block-welded panels. The 
transverse residual stresses of panels 35 and 51 showed 
slightly greater variations than those of panel 16 although 
these are not significant. 


' “A Method of the Measurement of Residual Welding Stresses,” Tue 
Wetpmne Journat, 25 (6), Research Suppl., 340-s to 343-s (1946). 


Conclusions 


1. The longitudinal residual welding stresses resulting 
from the use of austenitic electrode are less than those 
which result when ordinary ferritic (type E-6012) elec- 
trodes are used. 

2. The reduction, mentioned above, is obtained for 
welds made both with continuous weaving passes and 
block procedures. 

3. The reduction in longitudinal residual welding 
stresses (about 5000 psi. when type 5 AM Armorloy is 
used) is not sufficient to justify the use of such electrode 
for this purpose. 
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Introduction 


ELDED structures which cannot be annealed 
after welding contain residual stresses of 
varying degree. Although the extent of 
damage which these stresses may do to the structure in 
service is not fully understood, most engineers would 
prefer, in the majority of situations, to have them absent 
or at least minimized. Consequently, a number of at- 
tempts to reduce these stresses have been made within 
the past few years by various investigators. The fol- 
lowing account describes the effects of certain block and 
other special welding procedures on the magnitude of 
residual weld stresses in butt-welded steel plates of 1 in. 
thickness. 


* Assistant Professor of Mechanical Engineering, University of California. 
t Associate Professor of Mechanical Engineering, University of California. 
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Electrode: Passes and 4; 5/52" 8-6010 
Passes 2,5, 5, 6; 1/4" E-6012 

Current: Root passes: 160-165 amps 
Other passes: 300-520 amps 

Details: Passes 1, 2, 3; Back chip; 
Passes 4, 5, 6. 


" 

Electrode: Pass 1; 3/16" £-6010 

Pass 2; 5/32" E-6010 

Passes 3, 4, 5, 6, 7; 144" E-6012 
Current: Pass 1, 2; 160 amps 

Passes S$ to 7; 315 amps 
Details: Pass 1 from bottom side 

Turn panel] and back chip 

Passes 2, 3, 4, 5, 6, from top side 


Fig. 1—Edge Preparations and Welding Procedures 


Effect of Certain Block and Other 
Special Welding Procedures on 


Residual Welding Stresses 


By Finn Jonassen,* J. L. Meriam* and E. Paul DeGarmot 


APPROX. | APPROX. 
3\ 6 
2) 5 _ 
STFP-8B8ACK 
APPROX.| APPROX. 
6 


STRAIGHT-FORWARO BLOCKS 
Fig. 2—Method of Deposition of Passes in Making Block Welds 


Procedure 


All tests were conducted on panels built of two 3-. x 
4-ft. plates 1 in. thick, butt welded along the 4-ft edge. 
All steel was low carbon, average ship plate quality. 
The plates were tack welded by means of 2-in. tacks on 
12-in. centers with 5/s.-in. type E-6010 electrode at 150 
amp. The piate edges were held down by wedges so they 
could not rise but could move in the plane of the plate. 
Run-off tabs 6 x 6 x 1 in. were used at each end of the 
weld to assure a sound weld at the edges of the panel. 

In the case of the panels having double-V edge prepa- 
ration (Fig. 1), welding was completed on one side, then 
the panels were turned and welded on the back side. 
With the exception of panels 42 and 88, the plates with 
single-V edges (Fig. 1) were made by depositing the first 
pass from the back side, then turned, back chipped to 
sound metal, and the blocks deposited from the top side. 
For the block-welded panels, the beginning of each weld 
pass was staggered from the one below it to insure 2 
sound weld as shown in Fig. 2. When all welding was 
completed, the run-off tabs were removed by drilling. 

Panels 42 and 88 were welded with a special cascade 
procedure as indicated in Fig. 3. The back-up bar was 
tacked to the two plates along its outer edges. Run-ofi 
tabs were fitted to the ends of the joint and the panel 
was then turned. The first pass was put in along the 
entire length of the joint so as to give good penetratioi 
into the back-up bar. The run-off tabs had been chipped 
to a slant of 1 in. vertical rise for approximately 4 1. 
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horizontal distance. The second pass was started at the 
junction of this run-off tab and the plates. The pass 
started at the bottom of the groove and ran up the slope, 
weaving as necessary until the top of the incline was 
reached. Subsequent passes were started at the bottom 
of the groove and were deposited on top of the preceding 
pass, maintaining the same slope. It was found that 
one electrode would deposit one pass up a slope of 4 in. 
length. Since it was known by previous tests that a 
weld of 4 in. length gave low residual stresses, a slope 
length of 4 in. seemed satisfactory from both the stress 
and economic viewpoints. After welding was completed, 
the back-up bar was chipped off and the run-off tabs re- 
moved by drilling. 

Panel 87 was welded with stringer beads from edge to 
edge. The sequence of passes and welding data are given 
in Fig. 3. 

With the exception of panels 56, 60, 85 and 86, which 
were cooled to below 125° F. after each block was depos- 
ited, each pass was deposited as soon as the slag could be 
removed from the previous pass. For the block-welded 
panels there was about a 1 min. delay between successive 
passes of individual blocks and 1'/, min. delay between 
the completion of one block and the beginning of the 
next. 

The various welding procedures which were investi- 
gated are best described in tabular form. Table 1 
shows the panels tested with all pertinent conditions. 

The residual weld stresses were computed from relaxa- 
tion strain increments measured between the as-welded 


Table 1—Block-Welding Procedures 
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SPECIAL CASCADE PHOCEDUKE 
PANELS 42 & 68 
Electrode - All passes: 3/16" &-6012 


Current - All passes: 210 - 215 amps 


STRINGER BEAD PROCEDURE 


PANEL 87 


Passes 1 and 7: 
Other passes: 


Electrode - EB-6010 


E-6012 


5/32" 
3/16" 
160 - 175 amps 
215 amps 


ourrent = Passes 1 and 7: 


Other passes: 
Fig. 3—Welding Procedures, Panels 42, 88 and 87 


condition and the relaxed condition. 


This procedure is 
described in an earlier paper.' 


1“A Method for the Measurement of Residual Welding Stresses," Tue 
WeLpInc JourNnaL, 25 (6) Research Suppl., 340-s to 343-s(1946). 


Dimensions of 
all panels 


WELO 


PLATE 


Panel Edge Preparation 


No. & Welding Details fype of Weld 


Order of Block Deposition Blocks(in.) 


Length of 
Remarks 


12 Double-V; Fig. 1 Straight-forward blocks Edge to Edge 5 
36 Center alternately toward 4 
both edges 
11 ns . Step-back blocks Edge to edge 5 
16 Center alternately toward 5 
both edges 
86 ¥ Edge to edge 5 Each block cooled te 
85 Center alternately toward 4 125° F before next 
both edges succeeding block was 
56 Center alternately toward 4 deposited 
both edges 
60 4 Wandering See Fig. 4 5 
39 n n " " 5 
57 7 Weaving Center simultaneously tomrd - 
both edges (2 welders) 
| 87 Double V; Fig. 3 Stringer beads Edge to edge 
| 19 Double V; Fig. 1 Continuous passes nt Ei - 
(control panel) 
: 106 Single V; Fig. 1 Straight-forward blocks Edge to edge 4 
117 " " " n " n " 4 
94 3 Center alternately toward 4 
both edges 


Single-V; Fig. 3 
" n 


Special cascade 
n 


both edges 
See Fig. 3 
" " 
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Results 


The residual weld stresses in the longitudinal direction, 
for panels having the double-V edge preparation, are 
shown in Fig. 4. In this figure the curves of the stresses 
found in panel 19, which was made with continuous 
passes manually deposited from end to end, are included 
to serve as a basis of comparison. 

Figure 5 shows the resulting longitudinal stresses for 
the panels having a single-V edge preparation. 

The transverse stresses are plotted in Figs. 6 and 7. 
The oscillation of these transverse stresses about the 
zero axis is good explanation of why block welding re- 
sults in less distortion. 

There appears to be no significant difference in residual 
stresses between straightforward block and step-back 
block welding. This can be seen from Fig. 4 by com- 
paring the curves for panels 11 and 12 and for 16 and 36. 

In the case of edge-to-edge block welding (panels 11 
and 12), the peak values of the stresses are as great as 
the control panel values. For the deposition of blocks 
alternately toward each edge from the center out (panels 
16 and 36), the stresses are, for the most part, less than 
35,000 psi. 

In panels 56, 85 and 86, each block was cooled to 125° 
F. before the next block was deposited. This procedure 
resulted in stresses which were not over 35,000 psi. as 
shown in Fig. 4. The lower stresses of panels 16 and 36 
as compared with panels 11 and 12 are probably a func- 
tion of the lower plate temperature due to greater elapsed 
time between blocks for this procedure of alternate block 
deposition. 

The wandering block sequence used in panels 39 and 
60 resulted in two peak stresses coinciding with the loca- 


tions of the last two blocks deposited. In panel (\) each 
block was cooled to 125° F. before the next block was 
deposited. This was not done in panel 39 althouch the 
time delay between deposition of adjacent blocks rc sulteq 
in plate temperatures where each new block was begun 
which were not appreciably higher than those of pane| 
60. 
Comparison of the stresses for panel 37 with those of 
the control panel, number 19, indicates a reduction of 
from 5000 to 7000 psi. in the center portion of the weld 
for this weaving procedure. 

Panel 87, made with stringer beads, gave somewhat 
lower longitudinal residual stresses than the control 
panel, number 19, but the difference was not enough to 
justify recommending this procedure for the purpose of 
residual stress reduction. 

The cascade procedure used in panels 42 and 88 gave 
values for the averages of the longitudinal residual 
stresses on the two sides of the panel which were lower than 
those for any other procedure used. However, the 
average values on these panels are somewhat deceptive 
since they are the result of high stresses on one side and 
very low stresses on the other side. 


Panels 106, 117, 94 and 116 were welded using a single- 
V edge preparation with blocks deposited from one side. 
Although the stresses were considerably lower than those 
of the control panel, the results were somewhat erra ic. 
Panel 117 was made to duplicate panel 106 but the 
stresses were not consistent as seen from Fig. 5. Panel 
94, welded with straightforward blocks alternately from 
the center toward each edge, showed the lowest stresses 
of all panels tested. However, panel 116 which was 
made to duplicate panel 94 showed considerably higher 
stresses. These results are not conclusive but seem to 


u sO so 
w 
ge 10 » 10 
a 12 ry 20 32 ao as 
CISTANCE ALONG WELD, INCHES PANEL No 
: 
4 4 i2 ie 20 24 26 36 40 44 48 
DISTANCE ALONG WELO , INCHES PANEL No 
PANEL | SYMBOL REMARKS PANEL | SYMBOL REMARKS 
12 _|——o——-| STRAIGHT-FORWARD ; EOGE TO EDGE 86 |—o— STEP-BACK, EDGE TO EDGE COOLED TO BfLow 
36 | | STRAIGHT-FORWARD ; CENTER ALTERNATELY TOWARD EDGEs| | 65 STEP-SACK; CENTER TOWARD EDGES | ISO°F SETWEEN 
|—-~o--—| STEP-BACK ; EDGE TO EDGE = . 56 STEP. BACK, CENTER TOWARD CDGES { EACH BLOCK 
16 STEP- BACK; CENTER ALTERNATELY TOWARD 60 |---0-— WANDERING BLOCKS 
37 |——e—| SIMULTANEOUS WEAVING PASSES; CENTER TO EDGES 39 WANDERING BLOCKS 
STRINGER BEADS ; EOGE TO EDGE 19 CONTINUOUS WEAVING PASSES ; E0GE TO E0GE (CONTROL) 
|—--®-—| CONTINUOUS WEAVING PASSES; EOGE TO (CONTROL) 


Fig. 4—Longitudinal Residual Stress Along ¢ of Weld in 4-Ft. x 6-Ft. x 1-In. Panels with 4-Ft. Butt Welds, 


494-< 


Block Welded with Double-V Edge Preparation 


WELDING RESEARCH SUPPLEMENT 


SEPTEMBER 


RANSVERSE RESIOUAL STRESS 


4IVERAGE OF TOPS BOTTOM 


AVERAGE OF TOP ¢ 


oy 
‘ 
‘ 


8 


3 & 


LONGITUOINAL STRESS 
ALONG OF WELO (NCH 


AVERAGE OF FOF 


a4 
OIS TANCE ALONG (INCHES 


COVIPRESSION TENSION 


i 


4 


STRA/GHNT: FORWARO BLOCKS FROVI EOGE TO LOGE 
REPEAT OF 106 
STRAIGHT FORWARO BLOCKS CANTER TO LOGES 
OF Gt 
SPECIAL CASCAOK PROCEOURE- SEE F/G. 
AEPLAT OF 

VTINUO. WEAVING PASSES FROIP LOGE TO £06£ (CONTROL)| 


4OGE PREPARATION: PANEL SF PREPARATION: PANELS 106 17,94¢ PREPARATION PANELS 42 


Fig. 5—Longitudinal Residual Stress Along ¢ of Welds in 4-Ft. x 6-Ft. x 1-In. Panels with 4-Ft. Butt Welds. 
Block Welded with Single-V Edge Preparation 


—- 


4 
z 


KS 
ng 
4Q 
Sw 
23 
35 
N 


4VERAGE OF TOPS BOTTOM 


COMPRESSION 


40 


16 20 28 32 
O'ISTANCE ALONG WELD. INCHES PANEL No 


3 


SEQUENCE 
OF BLOCKS 


~ 


COMPRESS/ON 


AVERAGE OF TOP 
TRANSVERSE RES'OUVAL STRESS 
ALONG € OF WELO, KIPS/iNCH® 


PANEL Ne 
s + 86 


i. 

85,56 
7 ! ot 60,39 


SYMBOLS, OFTAILS OF BLOCK WELOING E0GE PREPARATIONS , SEE FIG.4. 
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indicate that the average stresses for the single-V are 
somewhat lower than those for the double-V edge prepa- 
ration, other conditions being the same. There is need 
for further investigation of this point, however. 


Conclusions 


1. Longitudinal residual welding stresses in butt welds 
between 1-in. thick plates can be kept below 35,000 psi. 
by using a block welding procedure which utilizes a 
double-V edge preparation and 4- or 5-in. long blocks, 
and by completing the entire weld on one side and then 
the other side using the same sequence of block deposi- 
tion. The weld must be cooled to below 125° F. after 
each block is completed. The sequence of block deposi- 
tion should be from end to end, or from the center making 
blocks alternately toward the two ends. Other block 
welding procedures which were tried did not yield con- 
sistently lower residual stresses than would be obtained 
by continuous welding. The foregoing does not mean 
that block welding by any procedure may not be helpful 
in controlling distortion. 

2. In using block welding procedures, the magnitude 
of the longitudinal residual stresses is the same for step- 
back or straightforward welding. 


3. Welds made with so-called ‘‘wandering’’ block 
procedures have, at the location where the last block is 
made, maximum longitudinal residual stresses as high in 
magnitude as would be obtained by using ordinary con- 
tinuous pass welding. 

4. Butt welds made with a cascade procedure, where- 
in each pass extends from the bottom of a single-V groove 
to the top of the groove at a slope of about 1 to 4, have 
longitudinal residual stresses somewhat lower than those 
of ordinary welds. The stresses on the top are rather 
high tension (up to 50,000 psi.) while those on the bottom 
side are low tension or compression. 
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l. Introduction 


of cooling on the properties of the welded steel. 

The cooling can be either by withdrawal of heat 
from the vicinity of the weld, or by cooling after anneal- 
ing. In either case, the rate of temperature change is of 
great significance. 

Perinissible rates of change are usually determined on 
small samples heated and cooled in the laboratory. 

The application of the values thus found to pieces and 
shapes of industrial size is based on experience, because 
little information is available whch would permit ra- 
tional calculation of the desired specifications starting 
from facts found on laboratory samples. 

Attempts have been made to eliminate some of the 
guesswork connected with the application to large pieces 
of data obtained on small samples: Jominy' introduced 
the well-known Jominy Test, and Asimow and Grossman 
did important work in this connection.? Kinzel de- 
veloped a technique for quench-weld effects.* 

For certain simple shapes, such as long cylinders and 
large slabs, both without end effects, and spheres, tem- 
perature-time relationships can be calculated. The cal- 
culations are rather lengthy but can be avoided with the 
help of charts‘ or tables.® 

Metallurgically, the rates of heating and cooling are 
often still more important than the final temperature 
difference. The rate of heating or cooling is defined by 
the temperature difference per unit time at any one given 
point. Unfortunately, no charts from which rates of 
heating or cooling could be read directly are available so 
far. If rates are to be determined, it so far has been 
necessary first to draw the time-temperature curves and 
from these curves to develop the rate curves. This is a 
lengthy procedure, which therefore was not frequently 
applied. It is, however, possible to develop charts for 
rates of heating and cooling, the charts being drawn in 
dimensionless units and therefore being generally 
applicable. 

Such charts are presented in this paper and hold for 
constant thermal properties of the piece to be heated or 
cooled. The properties in question are: thermal con- 
ductivity, volumetric specific heat (i.e., the product of 
density X specific heat), and boundary conductance. 
Charts can be used for the determination of cooling rates 
of material, cooling in a medium of constant temperature. 
They apply likewise to the rates of temperature rise in 
pieces heated, either by exposure to a constant furnace 
temperature or by infrared radiation, or by induction. 

_ Application to induction heating is an approximation; 
it ts assumed here that the entire energy transformation 
(electric to heat) occurs at the surface, whereas actually 
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the transformation takes place in a thin layer, the thick- 
ness of which depends, among other things, on the 
frequency. 

The charts were developed on the Heat and Mass 
Flow Analyzer, and the technique used is described in the 
Appendix. It is hoped that the knowledge of cooling 
rates will result in a study of permissible rates. It is 
conceivable to develop charts similar to those presented 
here for the case of cooling of the weld by extraction of 
heat in the metal. 


2. Design and Use of the Charts 


The use of the charts is explained in this section by 
presenting some examples. In the following section, a 
complete set of charts is given. 


(a) Heating or Cooling by Exposure to Constant Tempera- 
ture 


Exposure to constant temperature occurs in cooling 
when a body heated uniformly throughout to a tempera- 
ture above that of the cooling medium is suddenly ex- 
posed to the latter. It should be understood that the 
piece at the start of cooling actually never satisfies the 
condition of absolutely uniform temperature throughout. 
But for practical purposes in calculating cooling curves, 
it may be assumed that the piece is uniformly heated at 
the start of the cooling period. 

Exposure to constant temperature occurs in heating 
when a cold body at uniform temperature is introduced 
into a furnace being held at constant temperature higher 
than that of the body. 

It is customary to use, in charts showing temperature- 
time relationships, the following four dimensionless units: 
dimensionless time, X; relative boundary resistance, m; 
dimensionless temperature, Y; and relative position 
ratio with respect to center, m. The four units are de- 
fined as follows: 


a = — = thermal diffusivity (sq. ft./hr.) 
cp 
k = thermal conductivity (Btu./ft., hr. ° F.) 
cp = volumetric specific heat (Btu./cu. ft., ° F.) 
L = half thickness of plate; radius of cylinder 
or sphere (ft.) 
h = boundary conductance (Btu./sq. ft., hr., 
ty = furnace temperature (for heating) or uni- 
form temperature of piece (for quenching) 
(° F.) 
t., = temperature of relative position m at time 
(° F.) 
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28 plotted as abscissas. Close to the 
eee, wee 40 surface all m values use as ordinate 
24 Z m X oY/ox. Each chart holds for 
i Uem=}.3 a definite value of m and contains 
nz Tm = several curves, each of which holds 
wr aN for a different value of m. for 
05 \ explained in the Appendix, it was 
ia AM=\07 not possible to obtain the rates 
m + \\ directly at the surface and, in case 
=/5 \ of the sphere, also not directly at 
ra wre N the center. Instead, points very 
m \ close to the center and surface have 
been selected. For sake of simplic- 
8 M N N w ity, in the further text the words 
N\ WH : “rates at the center” and “rates at 
NS SO the surface” will be used to mean 
4 N Nee rates also at points very close to the 
SSSSS bri surface or very close to the center. 
} NARS Figures 1 and 2 hold for plates 
o and show the rates at surface and 
1105 2 4 6810 2 4 681° 2 4 680° 2 4 6810 center, respectively. The use of the 
x charts may be understood from the 
Fig. 1—Rates of Temperature Increase at the Surface—Plate following examples, both of which 
refer to .a large steel plate 4 in. 
thick, heated or cooled from both 
t. = temperature of ambient (for heating) or of : 
quenching medium (for quenching) (° F.) | 
r = distance from center (ft.) m=3 
As dimensionless units for the presentation of cooling | 
and heating rates, the definitions of X,mandmremain _+_ scar |, 
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Fig. 2—Rates of Temperature Increase at the Center—Plate 
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Fig. 3—Example for Rate of Temperature Increase at Surface 
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Fig. 5—Rates of Temperature Increase at Mid-thickness—Plate 


sides (no end effect). The constant properties of the 
steel were assumed as follows: 


Thermal conductivity........ k = 17 Btu./ft., hr., ° F. 
Specific c = 0.15 Btu./Ib., ° F 
p = 480 Ib./cu. ft. 


It is assumed that the piece is heated uniformly to a 
temperature of 1670° F., the temperature of the sur- 
rounding being 70° F. In example 1 the boundary con- 
ductance is assumed to be h = 34 Btu./sq. ft., hr., ° F., 
naa in example 2 it is assumed that A = 340 Btu./sq. ft., 

From these figures the diffusivity can be found to be 
a = 0.236 sq. ft./hr., and the value m = 3 for example 1 
and m = 0.3 for example 2. The value a/L*, which 
has to be used to transform the dimensionless units into 
actual units, is 8.5 1/hr. 

In order to determine the rate of temperature drop at 
the surface or the center, Figs. 1 and 2 have to be used. 
For each value of X the actual time @ may be found by 
dividing the value X by a/L*. For example, for X = 
0.01181 the time @ = 5.0 sec. For the selected X value 
the ordinate for the appropriate m curve is read. In 
example 1, for m = 3 the ordinate mOY/OX = 4.7 at the 


in degrees per hour. Degrees per second are found by 
dividing this figure by 3600. For example 1, the ordinate 
had been found to be 4.7. Multiplying with '/; X 1600 
X 8.5 and dividing by 3600 results in the rate of 5.92° F. 
per second. 

By transforming the dimensionless curves in Figs. 1 
and 2 point by point into actual units, Figs. 3 and 4, 
which show the rates at the surface and at the center 
plotted against time, were determined. The abscissa 
scale changes several times, in order to get more readable 
curves. It may be seen that the rates at the surface 
start at very low values, increase rapidly, and after 
reaching a maximum, decrease. The influence of the 
boundary conductance on the rates at the center is 
relatively small. The rates at the center are only a 
fraction of those at the surface. For h = 34 the maxi- 
mum rate at the surface is 30.8° F./sec.; whereas the 
maximum rate at the center is only 1.00° F./sec. Rates 
at the center, too, start very low and stay low for con- 
siderable time before they increase. At the center the m 
values have considerable influence, the maximum rate 
for h = 34 (m = 3) being over '/, of the rate at h = 340 
(m = 0.3). Because their values cannot be read easily 
on Fig. 3, the rates at the center have been redrawn on a 
larger scale in Fig. 4. They, too, show the same charac- 
teristic behavior of a slow start and a gradual increase 
to a maximum with subsequent decrease. 

The same rates as obtained in cooling prevail in heat- 
ing. The curves shown in Figs. 3 and 4 indicate also 
the rates of temperature rise of a piece of equal dimen- 
sions. Properties, initially at a uniform temperature of 
70° F., are suddenly exposed to a constant furnace 
temperature of 1670° F. 
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surface. In order to find the actual value in degrees eo 
per unit time, the ordinate has to be multiplied by Fig. 6—Rates of Temperature Increase at Mid-thickness— 
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(b) Heating with Constant Rate of Energy Input 


In so-called open infrared heating, a piece is exposed 
to an incandescent heat source which emits infrared rays. 
It is generally assumed that the rate of energy dissipation 
from the incandescent source is constant. Then, if the 
surface emissivity of the heated body does not change, 
the received heat is also constant. In induction heating, 
heat is generated over a finite thickness. But for first 
approximation it may be assumed that the heat is re- 
ceived entirely at the surface. 

It can be shown® that the ordinates in the Gurney- 
Lurie charts satisfy also the condition of constant rate of 
energy input, if the ordinates (dimensionless temperature 
function) are replaced by (4 — t,)h/q, where q is the 
rate of energy input (Btu./sq. ft., hr.); ¢,, the tempera- 
ture at point x, changing with time as the heating pro- 
gresses; ¢,, the temperature of the ambient to which 
the surface is exposed (e.g., the temperature of the 
induction coil); and h, as above, the boundary conduct- 
ance in Btu./sq. ft., hr., ° F. 

Accordingly, for induction heating, the ordinates of 
the curves presented here, have to be multiplied by 
q:a 1 g-a 
hL* m hL* 

In the dean example and for the same steel plate, the 
rates as shown in Figs. 3 and 4 will hold for heating at a 
- constant rate if g/h = 4 — t,. The value of 4, — t, was 
1670 — 70 = 1600° F. Therefore, in example 1 (h = 34) 


or by — 


- = 47 Btu./sq. ft., hr. (13.8 watts/sq. ft.) 
and in example 2 (h = 340) 

1600 

340 = 4.7 Btu./sq. ft., hr. (1.38 watts/sq. ft.) 


Usually much higher densities are applied in induction 
heating, and therefore it can be seen readily that the 
rates of temperature rise at center and surface in induc- 
tion heating are very nonuniform. 


3. Complete Set of Charts 


Charts were taken not only for surface and center but 
for a point at approximately half the thickness. Figure 5 
holds for slabs at a point m = 0.5. Figures 6 and 7 hold 
for cylinders (mid-thickness (n = 0.516) and center) 
and Figs. 8 and 9 for spheres (mid-thickness, m = 0.516; 
center, » = 0.0646). In order to save space, the surface 
rates for cylinder and sphere are not reproduced here. 
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They are almost the same as those for the slab; for all m 
values, the max. for the sphere is 3 to 4% higher than 
for the slab. However, the rates of plate, cylinder and 
sphere differ greatly toward the inside. One way oi 
making these differences apparent is to compare the 
maximum rates obtained. Figure 10 shows a chart in 
which the maximum dimensionless rates are plotted as 
functions of m for the three shapes for mid-thickness and 
center. For the sake of comparison the rates at the 
surface are added. The surface-rate curve is to be read 
on the right ordinate scale. The left scale, which is only 
1/19 of the right scale, applies to mid-thickness and center. 
It should be noted here that the value m is different for 
different severities of quenching, and therefore for a 
desired rate of temperature change the necessary m can 
be read from the charts. In order to apply this knowl- 
edge practically, it will be necessary to investigate the 
value of # for different quenching media. As stated 
above, m = k/Lh. The value h is very different for oil, 
water and iced brine. High h values or low m values 
occur in quenching; whereas low / values and high ™ 
values occur in cooling in air or in the furnace. By com- 
paring the cooling rates for surface and center, it becomes 
obvious that the surface has completed its cooling cycle 
long before the’center passes through its critical cooling 
stage. The curves have particular significance where 
slow cooling is intended, as in annealing, spheroidizing, 
etc., and where it is desired to cool the mass uniformly. 
Limitations in uniformity caused by the dimensions of 
the piece become obvious from the curves presented here. 

It is, furthermore, noteworthy that the center in all 
three instances has a very much smaller maximum rate 
than has the surface. 

From consideration of the dimensionless units, it be- 
comes evident that the time is directly proportional to 
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the abscissa. It is, however, im- 
portant to consider the influence of 


the diffusivity and thickness on the 
rate of heating or cooling. Both | 


appear as well in the dimensionless 
abscissas and also in the dimension- 


less ordinates. To demonstrate the 
influence of a change of a/L?, Fig. 11 
is added, in which the rates for the 


center are repeated from Fig. 4 for 
m = 3. Additional curves are shown 


in Fig. 11 for similar conditions but 
for thicknesses of 2 in. (broken line) 


and § in. (dash-dot line). The 
change of thickness results in a 
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change of a/L? (34 and 2.125, re- 
spectively) and of m (6 and 1.5, re- 


spectively, for h = 34). Obviously 
a change of thickness influences X, 


and m. 
Similarly, a change of conductivity 


influences all these values; whereas 
a change of volumetric specific heat 
influences only OY/OX and X, but 
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Appendix 


The general method of studying thermal problems by 
electric analogy is: known.’ The analogy between 
transient heat flow problems and the behavior of a re- 
sistance-capacitance circuit can be explained by the 
following scheme. 


Electrical Characteristics 
Electric capacitance 


Thermal Characteristics 

Thermal capacitance (volu- 
metric specific heat XX 
volume) 

Thermal resistance (recip- 
rocal of thermal conduc- 
tance) 

Temperature difference Voltage 

Rate of heat flow Current 

Rate of temperature change Rate of voltage change 


Electric resistance 


Electric experiments for the study of heat flow prob- 
lems are carried out on circuits, one of which is shown in 
Fig. 12. Such circuits were used in the experiments for 
the present paper. The entire body (plate, cylinder or 
sphere) was regarded as divided into sections or lumps. 
The capacitance of each lump was considered concen- 
trated in its center and the resistance of each lump was 
considered concentrated in its axis. 

The electric experiments can be so designed that they 
take place in a longer or shorter time than the heating 
process. A time ratio 7R applies which is defined as 
follows: 


TR = electric time st 


heat time 
electric capacitance X electric resistance 


thermal capacitance X thermal resistance 
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Fig. 9—Rates of Temperature Increase at Center—Sphere 


The terms “heat time’’ and “‘electric time’’ are used to 
indicate equivalent times in the electric experiments and 
in the heat occurrence. 

Now, the rate of voltage change at point x in the circuit 
is, as known, proportional to the loading current J of the 
condenser C,. Written as a formula, this may be ex- 
pressed as follows: 


In this equation the following notations are used: V for 
voltage; @ for time; J for the loading current; C, for 
the condenser at position x. 

By measuring the current J at different positions while 
exposing the circuit to an over-all potential E, the rate 
of voltage change at various points in the circuit can be 
determined. The voltage change is equivalent to a 
temperature change at a point in the body which is repre- 
sented by a given point in a circuit. For example, if the 
circuit in Fig. 12 represents one half of a plate and the 
resistance from point o to x is 0.1 of the total resistance, 
then point x in the plate would be at a distance from the 
surface equal to 0.1 of the half thickness. Because of 
symmetry it is sufficient to build a circuit to represent 
one half of the plate (that is, up to the center plane). 
Through the center plane no heat can flow. 

It is now necessary to transform the reading //C, into 
dimensionless units in order to obtain curves which are 
generally applicable. For this purpose it was decided to 
compare the loading current J with a current expressed 
by E/R,, where R, indicates a total resistance of the 
“plate circuit,’’ Fig. 12. The capacitance C, was com- 
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Fig. 10—Maximum Rate Plotted Against Relative Boundary 
Resistance m 


Curve P indicates plate; C, cylinder; $, sphere; subscript s, 
surface; m, mid-thickness; c, center. 


pared with the total capacitance C,;. Thus, instead of 
plotting J/C,, values I/C, X RyC,/E were plotted as 
ordinates. 

Finally, it was necessary to relate these units to heat 
units. The analogy is based on the following equation:? 

Rr x Ce 6, a x 6, 
where 0, and 6, are electric and heat times, respectively. 
Therefore, the value Rp X C; = (L*/a) XK TR. By intro- 
ducing this identity in the above-mentioned expression 
for the ordinates, the value for the ordinates expressed 
in heat terms is obtained: 
I L? 
EG x xX TR 

The text in section 2 of the paper is based on this ex- 
pression. 
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Fig. 11.—Example for Influence of Thickness on Rates at the Center 
of Plates. 
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Fig. 12—Schematic Wiring Diagram as Used in Erperiments 


The transformation into dimensionless units as de- 
scribed applies to the plate. Similar transformations 
hold for cylinder and sphere. 

With the cylinder and the sphere, the lumping pro. 
cedure would result in an infinite resistance from the 
center capacitance to the next capacitance. At the same 
time the center capacitance would become zero. For 
cylinders, this difficulty can be overcome by applying a 
certain approximation first published by Jackson and co- 
authors.* A similar method applied to spheres does not 
overcome the difficulty; therefore, for spheres the center 
rate could not be obtained, but rather the rate at a point 
characterized by n = 0.0646. 

In order to obtain a finite value of the loading current, 
it is necessary to place the first capacitance somewhat 
below the outside surface: Otherwise, if the capacitance 
were directly on the surface, there would be no resistance 
ahead of the first capacitance and the current absorption 
of the first capacitance would be at the first moment 
infinitely large. To avoid this experimental difficulty, 
rates at a point m = 0.98 were taken rather than the 


_ tates at the surface. This means that the points for 


which the rates were taken lie 2% of the half thickness of 
the body below the surface. 

It would be possible to take more curves, say at 
points m = 0.9, 0.8, etc., and then plot curves of rates 
against m at various times; then by extrapolation the 
rates at the surface (m = 1) could be found. 


Bibliography 


1. Jominy, W. E., “A Hardenability Test for Carburizing Steel,” Trans. 
Am. Soc. Met., 26, 574 (1938) 

2. Asimow, M, and Grossman, M. A. “Hardeni Characteristics of 
Various Shapes,” Trans. Am. Soc. Met. 28, 949 (1940) 

3. Kinzel, A. B, “The Specification of the Weldability of Steels,’ The 
Welding Journal, 20 (10), Research Suppl. (1941). : 

4 y Katee H. P., and Larie. J., “Charts for Estimating Temperature Dis- 
tribution in Heating and Cooling Solid Shapes,”” Ind Eng. Chem., 15, 1170 
(1923). McAdams, Wm., Heat Transmission, Second Edition, McGraw-Hill, 

. 32 (1942) Schack, A., Goldschmidt, H., and Partridge, E. P., Industria! 
Fieat Transfer, J. Wiley and 37 (1933). Bachmann, 4., Tafeln ueder 
Abkuchlungsvorgaenge cinfacher oerper, Julius Springer, Berlin (1938). 
Schack, A., “Zur Berechnung des scitlichen und oertlichen Temperaturver!au/s 
beim Gluehvorgang,” Sichi u. Eisen. $0, 483 (1930). 

5. Olsen, F. C. W., and Schultz, O. T . Ind. Eng. Chem., 34, 874 (1942). 
Russell, F. T., “Some Mathematical Considerations on the Heating and Cool- 
ing of Steel,” Iron and Steel Institute (London), special paper No. 14 (1936) 

6. Personal communication from M. P. Heisler, assistant in this Labora- 


7 Paschkis, V., and Baker, H. D., “‘A Method for Determining Unsteady- 
State Heat Transfer by Means of an Electrical Analogy,” Trans. A.S.M E.. 64, 
105-112 (February 1942). Paschkis, V., “Electrical Method for the 
Investigation of Transient Heat Flow Problems,” /ndustrial Heating, 9, 1162- 
1170 (September 1942) Paschkis, V., “Establishment of Cooling Curves of 
Welds by Means of Electrical Analogy,” Welding Research Council of the 
Engineering Foundation, 8, 462-s to 483-s (October 1943). 

. Jackson, R., Sarjant, R. J., Wagstaff, J. B., Eyres, N. R., Hartree, D. 
R., and Ingham, }., “Variable Heat Flow in Steel,”’ Jron and Steel Instiiute 
(London), paper No. 15 (1944). 


WELDING RESEARCH SUPPLEMENT 


SEPTEMBER 


z 
> 
. 
E P 
a 
> 
P 
a 
of 1 
Cou 
proj 
: duc 
T 
pro 
may 
Cos 
chi 
tric 
Co. 
Cor 
Oy 
cor 
0.( 
tio 
we 
an 
th 
er 
In 
4 


Progress Report on the Spot Welding 
of High-Tensile Carbon and Low-Alloy 


Steels 


By W. F. Hess*, W. D. Doty* and W. J. Childs* 


Part A—The Spot Welding of NE8715 in the 0.018-In. Thick- 
ness, and NES630 and SAE4340 | in the 0.031-In. Thickness 


Foreword 
| 


HIS experimental program was car- » | 

ried on in the Welding Laboratories CYCLE WELD TIME-4 CYCLE TEMPER TIME 
of the Rensselaer Polytechnic Institute- 12 CYCLES BETWEEN WELD AND TEMPER 
under support from the Welding Research ~ = y =~ 
Council. It is a continuation of a general na 
program established in 1944 and spon- 
sored during the War by the Office of Pro- 
duction Research and Development, War 
Production Board. 

The W.R.C. Resistance Welding Re- 
search Committee appointed the following 
project committee: L. C. Bibber, Chair- 
man, Carnegie-Illinois Steel Corp; H. C. 
Cogan, National Electric Welding Ma- 
chine Co.; R. T. Gillette, General Elec- 
tric Co.; J. D. Gordon, Progressive Welder 
Co.; V. W. Whitmer, Republic Steel 
Corp. The advice and assistance of this 
committee were greatly appreciated. 
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- VPN/2 1/2 KG. LOAD 


a 
© AS WELDED (NO TEMPER) 
MPER CURRENT, % OF WELD CURRENT 
© - 87.5% 
°- 88.9% 


HARONESS 


Summary - WELD 


mum welding conditions for the spot weld- 0.0625 01250 0.1675 
on The work & contin Fig. 1—Hardness Surveys of Welds Made in 0.031-In. NE8630 Steel Showing Effect 

previous investigations of the spot of T sin the Hardness Level 
welding of hardenable plain-carbon and 
low-alloy steel in the 0.040-, 0.062-, 0.070- 
and 0.125-in. thicknesses.'~* 

Comparing the mechanical properties of 
spot welds in NE8715 steel in the 0.018-in. 
thickness, and NE8630 and SAE4340 ia 
the 0.031-in. thickness with previous re- Table 2—Mechanical Properties 
sults in heavier gages of these steels showed Yield Ultimate 
that even greater improvement in mechani- i Strength, Strength, 
cal properties is obtainable when tem- : Psi. Psi. i , Hardness 
pering spot welds in the thinner gage ma- ‘ :; 
terials. The improvement in mechanical , 


* Welding Laboratory, Rensselaer Polytecitnic 
Institute, Troy, N. Y., April 1946. 
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Table 1—Chemical Analysis . 
Grade c Si Ni Cr Mo 
NE8630 0.031 0.32 0.023 0.26 0.52 0.56 0.19 
SAE4340 - 0.031 0.40 0.018 0.24 1.78 0.88 0.22 : 
R 


SAE 4340~ 0.031" 
750 
al 
| 4 CYCLE WELD TIME - 4 CYCLE TEMPER TIME 
12 CYCLES BETWEEN WELD AND TEMPER 
$ 500 
| 
: © AS WELDED (NO TEMPER) | 
es * TEMPERED, 88% OF WELD CURRENT 
WELD 
6. 01250 01875 0.2500 


properties also increases with the harden- 
ability of the steel. 

The second phase of this investigation 
dealt with the determination of whether 
high strength obtained by cold rolling or 
by heat treatment is preferable from the 
standpoint of spot welding. The struc- 
tural properties of spot welds in each of 
three types of 0.062-ia. NE8630 steel dif- 
fering in the degree of cold work and prior 
structure were investigated. In addition, 
some NE8630 of the same gage was heat 
treated to give a quenched and tempered 
structure with strengths corresponding to 
an annealed and cold-rolled material. 
Comparing the properties of spot welds 
in normalized material with those ob- 
tained in the same material cold worked or 
heat treated to higher strengths, propor- 
tionately better spot weld properties are 
realized in the normalized material. When 
the strength of NE8630 steel is increased 
by cold rolling following an anneal, there 
is a definite reduction in spot weld prop- 
erties as the strength of the steel is in- 
creased. If the strength of this steel is in- 
creased by cold rolling of the normalized 
structure, the spot weld properties are de- 
cidedly superior to those obtained when 
the cold rolling has followed an annealing 
treatment. However, when the strength 
of NE8630 steel is increased by heat treat- 
ment alone, using a quench and temper 
process, better spot weld properties are 
obtained than when sheet strength is in- 
creased by cold rolling. 


Introduction 


This report is a continuation of a gen- 
eral program established to obtain a 
broader coverage of data showing the 
optin.um welding and tempering condi- 
tions and structural properties of spot 
welds, in hardenable steels. Previous re- 
ports’* covered the spot welding of 
NE8715, NE8630 and SAE4340 in the 
0.062- and 0.125-in. thicknesses. The 
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Fig. 2—Hardness Surveys of Welds Made in 0.031-In. SAE4340 Steel Showing Effect 
of Tempering on the Hardness Level 


work has now been continued with 
NE8715 in the 0.018-in. thickness ang 
NE8630 and SAE4340 in the 0.03 1-jn. 
thickness. The steel NE8715 was chosen 
as a geneial substitute for the proprictary 
low-alloy steels, while the NE8630 was 
selected as being representative of the 
medium alloy steel group, and SAF 4349 
as typical of the alloy steels in the 0.40% 
carbon range. The process of making 
tempered spot welds consists of making 
the weld in the conventional manner, fol- 
lowed by a timed interval to allow the weld 
to quench to the martensite forming tem- 
perature and a postheat current of short 
duration which reheats the weld to just 
below the austenitizing temperature and 
tempers the brittle martensitic structure. 


Material 


The material used in Part A of this in- 
vestigation was supplied in the hot-rolled 
normalized and drawn condition. The 
chemical analyses and mechanical prop- 
erties of the steels are given in Tables | 
and 2. The pickled and oiled surface of 
the material as supplied by the manufac- 
turer exhibited sheet-to-sheet and elec- 


trode-to-sheet contact resistances of over 


Table 3—Recommended Conditions for Spot Weldiny NE8715 in the 0.018-In. 


Thickness, and NE8630 and 


Electrode shape: 
Dome radius, in. 
Limiting diameter, in. 
Conical approach 
Electrode force, Ib. 
Weld time, cycles 
Weld current, amp. 
Time between weld and temper, cycles 
Time of temper, cycles 
Temper current, % of weid current 
Spot diameter, in. 


in the 0.031-In. Thickness 


0.018-In 0.031-In. 0.031-In. 
NE8715 NE8630 SAE4340 
6 6 6 
3/16 3/16 
30° 30° 30° 
350 800 900 
3 4 4 
3880 8650 8250 
4 12 12 
3 4 4 
80-89 85-90 80-88 
0.10 0.16-0.17 0.16—-0.17 


| ne | | | | 


750 3 CYCLE WELD TIME - 3 CYCLE TEMPER TIME 
4 CYCLES BETWEEN WELD AND TEMPER 
3 
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TEMPERED, 69.4% OF WELD | 
| QURRENT 
fe) 0.0625 0.1250 018 
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Fig. 3—Hardness Surveys of Welds Made in 0.018-In. NE8715 Steel Showing Effect 
of Tempering on the Hardness Level 
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Table 4—Summary of Test Results for Spot Welding NE8715, NE8630 and SAE4340 Steels 
As-Welded Tempered — 
Normal Shear Normal Shea: 
Shear Tension Impact Shear Tension Impact 
. Strength Strength trength Strength Strength Strength 
Thickness, Per Spot, Per Spot, Per Spot, Per Spot, Per Spot, Per Spot 
Grade In. Lb. Lb. Ft.-Lb. Lb. Lb.* Ft.-Lb.* 
-NE8715 0.018 420-460 80-100 6.5-7 480-520 230-270 6.5-8 
NE8630 0.0381 640-700 90-100 5-13 1500-1550 640-770 13-25 
SAE4340 0.031 540-750 30 5-7.5 1320-1390 260-460 11-135 


— 


* Minimum value readily exceeded over range of temper current. 


Maximum value shown is critically sensitive to temper current 


1100 microhms after a trichlorethylene 
vapor degreasing treatment. Previous 


face condition was unsatisfactory for mak- 
ing tempered spot welds. By repickling 
the material for 15 min. in a 10% solution 
of sulphuric acid at 180° F. the contact 
resistance was lowered to approximately 
25 to 30 microhms. Resistances of this 
magnitude have been found to indicate a 
satisfactory surface condition for making 
tempered spot welds. 


Equipment and Testing 


As with previous investigations the 
welding machine was equipped with an 
electronic control capable of accurately 
timing the duration of the weld, cool and 
temper periods and having phase shift 
control to vary the magnitudes of the 
weld and temper currents. A cycle re- 
corder was employed to check the timing 
periods and the currents were measured 
by means of a pointer-stop ammeter with 
a clamp-on current transformer for use in 
the primary circuit. 


experience had indicated that such a sur- . 


Dome-shaped electrode contact sur- 
faces of restricted diameter with a 30° 
conical approach to the contact surface 
were used throughout the investigation. 
The electrodes were cooled by tap water 
at 70-80° F. and flowing at the rate of 1 
gal. per minute. The distance through the 
alloy copper from the coolant surface to 
the electrode face was approximately 1 in. 

Evaluation of the weld properties in- 
cluded shear strength, normal tension 
strength and shear impact strength tests. 
Previous reports have described in detail 
the methods of testing. The normal ten- 
sion test required specimens 2 x 6 in. 
In the case of the shear and shear impact 
strength test specimens, the dimensions 
varied with the thickness of the material, 
5/, x 3-in. for the 0.018-in. gage, and 1 x 
4 in. for the 0.031-in. gage steel. Exten- 
sive use was made of a chisel test to deter- 
mine the weld diameter and to locate trial 
ranges of heat-treat current. Evidence of 
proper cool time between weld and temper 
and also the extent of tempering was pro- 
vided by hardness surveys of weld sec- 
tions. 


Procedure—Selection of Welding 
Conditions 


Previous experience in this laboratory 
with tempered spot weids has shown that 
a spot weld diameter of at least 4'/, to 
5*/s times the sheet thickness is necesaary 
for satisfactory consistency. To make a 
weld of this size, the shortest possible weld 
time requiring a power level which avoids 
the possibility of inconsistency due to 
flashing and expulsion is selected. From 
these considerations the following condi- 
tions were chosen: 


Sheet Weld Weld 
Thickness, Diameter, Time, 
In. In. Cycles 
0.018 0.10 3 
0.031 0.17 4 


With domed electrodes it has been found 
desirable to restrict the electrode contact 
surface to a diameter about 1.1 times the 
weld diameter. Therefore, with 0.10-in. 
diameter welds in 0.018-in. thickness ma- 


NE 8715 - 0.016" 4 NE 8715 - 0.018" 
3 CYCLE WELD TIME - 3 CYCLE TEMPER TIME 3 CYCLE WELD TIME -3 CYCLE TEMPER TIME; — 
4 CYCLES BETWEEN WELD AND TEMPER 4 CYCLES BETWEEN WELD AND TEMPER 
2300 750 9 
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u 
T 5 
a 
x SHEAR STRENGT H 
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” 
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5 250 
2 y 
° 70 80 90 (9) 790 80 90 
Fig. 8—Normal Tension Str in 0.018-In. Fig. 9—Shear and Shear Impact Strengths in 
15 Steel as a Function of Temper Current 0.018-In. NE8715 Steel as a Function of 
Temper Current 
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Fig. 10—Photomicrographs of Weld Structures Before and Alter Tempering in 0,.031- 
In. NE8630 Steel (500 x, 4% Picral Etch) 


terial a limiting electrode diameter of 
'/yin. with a 6-in. radius dome was used. 
For the 0.031-in. material, with 0.17-in. 
diameter welds, a limiting diameter of 
*/w-in. with a 6-in. radius dome was used. 
An electrode force which would give 
reasonable freedom from porosity and 
Sheet distortion and permit the shortest 
Possible weld time without danger of ex- 
Pulsion was chosen. In the case of 0.018- 
in. NE8715 material the required elec- 
aa force was 350 Ib. For 0.031-in. 

NE8630 the force necessary was 800 Ib. 
while for the SAE4340 it was 900 Ib. 

For the heat-treating conditions, a value 


1946 


of temper time was selected equal to the 
weld time. This was in agreement with 
previous investigations where it was found 
that the time to attain maximum temper 
was not critical provided sufficient time 
was allowed to obtain uniform tempering. 
The cool time, between the weld and tem- 
per periods, just sufficient to allow the 
weld to transform to a martensitic struc- 
ture, was determined for each type and 
thickness of steel welded. This was done 
by making welds of varying temper cur- 
rent at several values of cool time. From 
hardness surveys made parallel to the 
sheet interface on sections of these tem- 
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pered welds, the exact cool time for com- 
plete transformation was readily deter- 
mined. This was possible since complete 
tempering across the whole weld can only 
take place when complete transformation 
has occurred. 

The optimum value of temper current 
was determined from the test results of 
normal tension, shear and shear impact 
specimens made at various postheat cur- 
rents. Since maximum improvement in 
normal tension strength is critically sensi- 
tive to temper current for the more harden- 
able steels, a range of temper current over 
which substantial improvement may be 
obtained in normal tension, shear and 
shear impact strength is selected for the 
recommended tempering current. This 
completes the determination of optimum 
welding conditions. 


Results 


The recommended welding conditions 
fdrthe two steels in the 0.031-in. gage and 
‘the third steel in the 0.018-in. gage are 
presented in Table 3. The required cool 
period was determined from the analysis of 
hardness surveys made on weld sections 
and the optimum tempering current was 
obtained from the test results of specimens 
made at various values of temper current 
as previously discussed. The hardness 
surveys for the as-welded and hesttemper 
conditions are given in Figs. 1,2 and 3 for 
each welding combination investigated. 
The normal tension, shear and shear im- 
pact test results are shown in Figs. 4 
through 9. It will be noted in Fig. 1 for 
0.031-in. NE8630 that the survey for a 
temper current of 88.9% of the weld cur- 
rent shows some rehardening at the weld 
center but the hardness level at the edges 
is reduced slightly below that for the 
87.5% temper current. Comparing these 
two values of temper current in Fig. 4 for 
their effect on the normal tension strength, 
it is seen that the tension strength is main- 
tained at a high value until the temper 
current reaches 90.5% of the weld current. 
This shows that in this steel some rehard- 
ening of the center portion does not affect 
the weld strength. In the case of 0.031- 
in. SAE4340 it may be seen by comparing 
Figs. 2 and 6 that the per cent temper cur- 
rent which produces maximum normal 
tension strength also produces a uniform 
tempering level across the entire weld. 
With the more hardenable SAE4340, it is 
not possible to have some rehardening and 
still maintain high weld strengths. 

For the 0.018-in. NE8715 steel the hard- 
ness survey in Fig. 3 for 89.4% temper 
current shows maximum tempering at the 
weld edges and considerable rehardening 
in thecenter. A study of Fig. 8 shows that 
a temper current of 89.4% of the weld 
current produces the maximum amount of 
allowable rehardening before the normal 
tension strength declines with increased 
temper current. For NE8715a wide range 
of temper current exists over which high 
normal tension strengths can be obtained. 

The test results of all the work are sum- 
marized in Table 4. The greatest improve- 
ment is shown in the more hardenable 
SAE4340 steel. This again emphasizes 
the important fact which has been found 
in previous investigations that the im- 
provement in mechanical properties in- 


507-s 


| 3 
\ 
Heat Treated ; ¥ 


t 
- ~ 
ase” 
“eo, 


As-Welded 


Fig. i-rgpenonteneaetias of Wald Structures Before and After Tempering in 0.031- 
. SAE4340 Steel (500 x, 4% Picral Etch) 


Fig. 12—Photomicrographs of Weld Structures Before and After Tempering in 0.018- 
In. NE8715 Steel (500 x, 4% Picral Etch) 
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creases with the hardenability of the steel. 
In addition a comparison of the mechani- 
cal properties of spot welds in NE8715 
steel in the 0.018-in. thickness, and 
NE8630 and SAE4340 in the 0.031-in. 
thickness with previous results in 0.062- 
and 0.125-in. gages of these steels showed 
that the improvement in mechanical prop- 
erties of spot welds by tempering is great- 
est in the thinner gage materials. 
Photomicrographs of the welds at 500 
before and after tempering are shown in 
Figs. 10,11 and 12. Tempering has caused 
precipitation of carbides from the marten- 
site. In addition it has shortened the 


Introduction 


The second part of this report deals with 
an investigation of the effect of cold rolling 
and various types of heat treatment on the 
spot weld properties of steel. This work 
was undertaken to determine what treat- 
ment for increasing the strength of steel 
was preferable from the standpoint of 
spot welding. Welds were made in steel 
having five different prior treatments and 
these welds tested for normal tension, 
shear and shear impact strengths. Since 
the steel chosen, NE8630, is a hardenable 
steel, the welds were tempered in the spot- 
welding machine to obtain maximum weld 
strength. Comparison was made of welds 
in both the tempered and untempered con- 
dition in the various types of steel. 


Material 


All work was done on NE8630 in the 
0.062-in. thickness. Material in five dif- 
ferent conditions was welded to compare 
the relative spot-welding characteristics. 
The first condition was a normalized and 
drawn structure. This served as a stan- 
dard against which the other materials 
were compared. The second type was nor- 
malized at 0.078-in. thickness and then 
cold rolled to 0.062-in. Two other batches 
were annealed at 0.078 and 0.093-in., re- 
spectively, and then cold rolled to 0.062-in. 
The fifth condition was that of a quenched 
and tempered structure. This last heat 


etching time required to bring out the 
structure. 


Conclusions 


1. In agreement with previous work, 
tempering in the welding machine is very 
advantageous in improving the mechani- 
cal properties of spot welds in the gages 
and steels covered by this report. 

2. For the 0.031-in. NE8630 the nor- 
mal tension strength was increased more 
than 6 times and the shear and shear im- 
pact strengths were doubled. 


Part B—Comparison of Spot-Weld Properties in Cold-Rolled 
vs. Heat-Treated Steels 


treatment was done in our own laborato- 
ries. We are indebted for all the other 
treatments to V. W. Whitmer and the 
Republic Steel Corp. Owing to the fact 
that the steel possessed a high surface 
contact resistance when received, all of it 
was grit blasted prior to spot welding. 
The various treatments given the steel 
and the resulting properties are summar- 
ized in Table 5. The per cent increase in 
yield and ultimate strength over the nor- 
malized condition is included. The vari- 
ous conditions are listed in ascending 
order of resulting strength. The micro- 
structure for each condition is shown in 
Figs. 13 to 17. The annealing process 
prior to cold rolling used in Treatment 2 
and 4, has resulted in spheroidization of 
the carbides as can be seen in Figs. 14 and 
16. The yield and ultimate strengths 
of Treatment 3, obtained by quenching 
and drawing, were adjusted so that they 
corresponded to strengths obtained by 
cold rolling in the other items. Thus the 
yield strength of Treatment 3 corresponds 
with the yield strength of Treatment 2 
while the ultimate strengths of Treat- 


3. In the 0.031-in. SAE4340 steel the 
shear strength was doubled, the normal 
tension strength increased nine times and 
the shear impact strength almost doubled. 

4. In the 0.018-in NE8715 steel the 
normal tension strength was more than 
doubled and the shear and shear impact 
strengths increased slightly. 

5. Comparing the mechanical prop- 
erties of spot welds in heavier gages of 
these steels showed that even greater im- 
provement in mechanical properties is 
obtainable when tempering spot welds in 
the thinner gage materials. 


ments 3 and 4 are equal. Chemical analy- 
sis of all the steel heats used are given in 
Table 6. 


Equipment and Testing 


The equipment used for making and 
testing the welds is identical with that de- 
scribed in Part A of this report. The 
mechanical tests employed were the nor- 
mal tension, shear and shear impact. In 
all of these tests 2- x 6-in. pieces were 
welded to make the test specimens. 


Procedure 


Conditions previously determined* for 
welding NE8630 in the 0.062-in. thickness 
were followed in this investigation. These 
conditions are given in Table 7. Since the 
magnitude of the optimum tempering 
current is sometimes subject to minor 
variations, specimens were made using 
temper currents which varied over the 
whole recommended range. This insured 
obtaining maximum strengths for the 
tempered welds. All strengths were de- 


Table 6—Chemical Analyses 
Heat No. ~ Mn P Ss Si Ni Cr Mo 
43457 0.295 0.77 0.018 0.020 0.25 0.65 0.50 0.21 
49326 0.315 0.86 0.016 0.020 0.28 0.57 0.54 0.22 
45939 0.30 0.83 0.017 0.020 0.24 0.53 0.52 0.21 


Table 5—Mechanical Properties 


% Increase % Increase 


in Yield in Ultimate 

Yield Strength Ultimate Strength % Rockwell 

Treatment Heat Strength, Over Strength, Over Elong. —_ 
No. No. Description Psi. Condition 1 Psi. Condition 1 in2In. Hardness 

1 43457 Hot rolled, normalized and drawn 80,300 0 99,360 0 17.0 95 

2 49326 Annealed at 0.078 in., cold rolled to 0.062 in. 98,620 22.8 102,240 2.9 8.0 97 

3 43457 Austenitized at 1600° F. for 1 hr., water 98,000 22.0 110,500 11.2 15.5 99 

quenched, tempered at 1250° F. for 1 hr. 
4 45939 Annealed at 0.093 in., cold rolied to 0.062in. 107,190 33.5 110,220 10.9 7.0 100 
5 49326 Normalized at 0.078 in. cold rolled to0.062in. 116,550 45.0 119,270 20.0 9.0 100 


Note: The annealed material was spheroidized in a regular box annealing treatment, holding for 12 hr. at 1225-1275° F., and followed 
by slow cooling under the annealing furnace cover but not in the furnace itself. 

The normalized and drawn material was normalized at a temperature of 1600—1650° F. for approximately 10 min. and air cooled. This 
was a continuous operation. The material was then drawn in a pack similar to the annealed product, holding at a temperature of 1100- 
1150° F. for a period of 12 hr., and then pulled from the furnace dnd cooled in air under the cover. 
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Fig. 14—Photomicrograph of NE8630 Steel Annealed and Cold 
ied 20.5% (500 x) 
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Fig. 16—Photomicrograph of NE8630 Steel Annealed and 
‘ Cold Rolled 33% (500 x) 
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ate . 15—Photomicrograph of NE8630 Steel in the Quenched and b 
Tempered Condition (S00 X) 
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Table 1—Welding Conditions for NE- 
3630 in the 0.062-In. Thickness 


Electrode shape: 


Dome radius, im........... 

Limiting diameter, in...... 5/i6 

Conical approach......... 30° 
Electrode force, Ib........... 1800 
Weld time, cycles........... 10 
Weld current, amp.......... 12,800 
Time between weld and tem- 

Time of temper, cycles...... 10 
Temper current, % of weld 

Spot diameter, im............ 0.27-0.28 


termined as the average of three speci- 
mens. 


Results 


In Table 8 are summarized the me- 
chanical properties of welds made in steel 
in all the five different conditions. This 
table gives values both for the as-welded 
and tempered spot welds. 

Untempered Spot Welds—Considering 
first the as-welded state, it can be seen 
from Table 8 that there is a general de- 


rer 


Table 8—Weld Properties 
As-Welded —— Tempered ——————. 
Normal Shear Normal Shear 
Treatment Tension Shear Impact Tension Shear Impact 
No. of Strength, Strength, Strength, Strength, Strength, Strength, 
Sheet Description of Sheet Treatment Lb. Lb. Ft.-Lb.: Lb. Lb. Ft.-Lb. 
1 Hot rolled, normalized and drawn 600 4330 26 2630 5250 48 
2 Annealed at 0.078 in., cold rolled to 0.062 in. 510 4150 27 2520 5200 58 
3 Quenched and tempered 590 4730 26 2840 5400 36 
4 Annealed at 0.093 in., cold rolled to 0.062 in. 400 3250 30 2000 5050 46 
5 Normalized at 0.078 in., cold rolled to 0.062 in. 415 3400 


23 2490 5700 48 


crease in weld properties with increasing 
strength of base material, except for the 
quench and tempered condition. Treat- 
ment 4, the annealed steel with 33% cold 
reduction, does not quite conform to this 
generalization for its normal tension and 
shear strengths are slightly lower than that 
of the normalized and cold-rolled material 
which has higher yield and ultimate 
strengths. The results show that the 
quench and temper process provides the 
best way of increasing the strength of the 
base material without a loss in weld prop- 
erties. Despite an increase of 22% in the 
yield and 11.2% imcrease in the ultimate 
strength of the sheet, the normal tension 
and normal impact values of welds made 
in this material are at least equal to that 
obtained in the normalized sheet. The 
shear strength even shows an increase of 
10% over welds made in the normalized 
material. 

Tempered Spot Welds—The tempered 
spot welds are in all cases much superior 
in mechanical properties to the untem- 
pered welds. The maximum normal ten- 
sion strength of 2840 Ib. was obtained by 
using quenched and tempered sheet. With 
this material the shear strength was also 
high but the shear impact strength 
dropped roughly 25% lower than that ob- 
tained for most of the other materials. In 
the case of Treatment 2, annealed followed 
by 20% cold rolling, the normal tension 
strength and: shear strength were almost 
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equal to that in the normalized sheet 
while the shear impact strength was 25% 
greater. However for the annealed ma- 
terial followed by a 33% cold rolling, 
the maximum normal tension strength 
dropped to 2000 Ib. and the shear strength 
to 5050 lb. Welds made in the normalized 
and cold-rolled sheet had a normal ten- 
sion strength of 2490 Ib., a shear strength 
of 5700 Ib. and an impact strength of 48 
ft.-lb. This material had the greatest 
yield and ultimate strength of all the con- 
ditions investigated. 

From these results it can be seen that 
the achievement of increased base metal 
strength by cold rolling an annealed struc- 
ture is not advantageous from the stand- 
point of spot welding NE8630. Cold 
rolling the normalized NE8630 structure 
does not result in as great a reduction in 
normal tension strength for a given in- 
crease in base metal strength. For tem- 
pered welds in this normalized and cold- 
rolled material there is a pronounced in- 
crease in shear strength corresponding to 
an increase in sheet strength. It is logical 
to expect a decrease in normal tension 
strength with increasing cold work for 
normal tension strength decreases with 
lowered ductility. Similarly the normal 
tension strength of welds made in the 
quenched and tempered steel would prob- 
ably show decreasing values for increasing 
sheet strength. It would be desirable to 
substantiate this generalization for the 
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quenched and tempered material by weld- 
ing material which possessed a higher 
strength. Since welds made in the 
quenched and tempered material had 
greater normal tension strength than the 
normalized and drawn material, despite 
the lower yield and ultimate strengths of 
the latter, it would appear that a quenched 
and tempered structure is the most de- 
sirable method of increasing the strength 
of the base metal. An additional advan- 
tage is the very high strengths obtainable 
in the low-alloy steels, such as NE8630, 
by means of a quench and temper treat- 
ment. However, since a quench and tem- 
per process is a more difficult procedure 
than a normalized and cold roll treatment, 
the added expense of the former process 
is probably justified only for the especially 
high strengths. 


Conclusions 


1. When comparing the properties of 
spot welds in normalized material with 
those obtained in the same material cold 
worked or heat treated to higher strengths, 
proportionately better spot-weld proper- 
ties are realized in the normalized material. 

2. When the strength of NE8630 steel 
is increased by cold rolling following an 
anneal, there is a definite reduction in 
spot weld properties as the strength of the 
steel is increased. 

3. When the strength of this steel is 
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Fig. 17—Photomicrograph of NE8630 Steel Normalized and Cold Rolled 20.5% (500 x) 4 
| 
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increased by cold rolling of the normalized 
structure, the spot-weld properties are de- 
cidedly superior to those obtained when 
the cold rolling has followed an annealing 
treatment. 

4. When the strength of this steel is 
increased by heat treatment alone, using 
a quench and temper process, better spot- 
weld properties are obtained than when 


References 


1. Hess, W. F., aad Schroder, C. R., “The 
Spot Welding of NAX High Tensile Steel,” Tue 
WELDING JOURNAL, 21, Research Suppl., 203-s to 
208-s (1942). 

2. Hess, W. F., and Schroder, C. R., “‘The 
Spot Welding of NAX High Tensile Steel, 2nd 
Report,” /bid., 21, Research Suppl., 241-s to 244-s 
(1942). 

3. Hess, W. F., and Herrschaft, D. C., ‘The 
Spot Welding of 0.040-In. SAE X-4130 Steel,”’ 
Ibid., 21, Research Suppl., 441-s to 447-s (1942). 


4. Hess, W. F., and Herrschaft, D. « “The 
Spot Welding of SAE 1020, 1035 and 10). Steels 
in the 0.040-In. Thickness,” /bid., 22, R esearch 
Suppl., 451-s to 461-s (1943). 

5 Hess, W. F., Doty, W. D., and Childs Ww 
J., “The Spot Welding of NE8715, NE8630 and 
SAE4340 in the 0.125-In. Thickness,”’ /};,/ 24, 
Research Suppl., 521-s to 530-s (1945). , 

6 Hess, W. F., Doty, W. D., and Childs, w 
k, “The Spot Welding of NE 8715, NE 8630 and 

AE4340 in the 0.062-In. Thickness,” /bi/ 25 
Research Suppl., 123-s to 128-s (1946). ie ig 


sheet strength is increased by cold rolling. 


The Fatigue Behavior in Reverse 


Bending of Welded Sheet Steel 


By R. L'Hermite and D. Seferian* 


HE tests reported in this paper are of a more or 

less preliminary character. They were intended 

primarily to find out whether the fatigue test was 
a suitable means for the investigation of weldability of 
thin plates used in the aircraft industry. The paper con- 
tains a detailed description of the fatigue testing machine, 
preliminary fatigue results on samples of thin steel 
plates of various composition and an extensive investiga- 
tion of a large mild steel plate tested as delivered, i.e., 
with mill scale, and butt welded. A brief summary of 
the content of the above paper is given below. 


* Abstracted by D. Rosenthal from a published by the Institut 
Technique oe et des Travaux. Circular; Series G, No..9, 
Paris, Nov. ‘ 


270, 
253 
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Fig. 1—Schematic View of the Fatigue Testing Machine 
§12-s 


The Description of the Fatigue Testing Machine 


A schematic view of the fatigue testing machine, de- 
signed and built at the Laboratories of the Building and 
Public Works Department, Paris, is represented in Fig. 1. 
The specimen marked e is clamped in a stationary fixture 
m on one end, and in a movable fixture on the other end. 
A backward and forward motion is imparted to the latter 
by means of lever, 6, which in turn is being oscillated 
by means of eccentric Pm, through the connecting 
rod, B. The amplitude of oscillation is indicated on a 
vernier scale with a precision of about 0.004in. Figure 2 
shows the type of fatigue specimens adopted for plate 
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Fig. 2—Specimens for Fatigue Testing in Reverse Bending for Plate of Various Thickness. Thickness from 
Left to Right 0.04, 0.08 and 0.12 In. All Dimensions Indicated in Mm. 


thicknesses of 0.04, 0.08 and 0.12 in., 


respectively. 


These specimens were designed in such a way that the 
rupture takes place in their middle portion, at some dis- 


tance from the fixtures. 
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Fig. 3—Fatigue (Woet ler) for Specimens of Steel A 
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Fig. 4—Fatigue (Woehler) Diagr 
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I, with Mill Scale; II, Bead Welded: and III 
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ams for of Steel 


, Butt-Welded 


Because of the small thickness the deflection was not 
constant through the width of the specimen. The 
variation was the greatest for the thinnest plate (about 
6.5% In view of this circumstance, the determination 
of the bending moment was made by means of a calibra- 
tion test with dead weights for each particular value read 
on the vernier scale. 
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Fig. 5—-Fatigue (Woehler) Diagram for Specimens of Steel C 
with Mill Scale 


Table 1—Composition and Mechanical Characteristics of 
Plates Used in the Preliminary Tests 


Plate A Plate B Plate C 


0.3 0.07 
0.54 0.34 
0.37 0.02 
0.023 
0.02 
106, 006- 114,000 92,000 
150,000 104,000 
11 20 
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Table 2—Mechanical Characteristics and Fatigue Results 


of the Large Plate 
Material Characteristics 
Y.P., psi. 
T.S., psi. 
Plate with mill Elong., % 


Welded plate 


e 


Fatigue limit, psi. 
Fatigue limit/Y.P. 
Fatigue limit, psi. 


vs. virgin plate 


Ratio fatigue welded 


34 
36 
.33 Trace 
35 
43 


Trace 
Trace 
Trace 


Trace 
Trace 


Table 3—Chemical Analysis of Plate and Weld Meta) 
Mn Si 


— 
— 


0.015 


© 


Standard Sample = C 

Average Deviation A 0.07 

33,700 1430 

56,000 1420 

25 3 > 

23,700 
0.775 0.047 


Results of Fatigue Test on Samples of Steel of Various 


Figures 3, 4 and 5 represent ‘“‘Woehler’’ diagrams in the 
usual semilogarithmic plotting obtained on three types of 
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Fig. 6—Results of Fatigue Tests on 168 S 


Fig. 7—Nitride Needles in Sample A. Etched. X 1000 


Scale, Machined from a Large Mild Steel Plate 


ens with Mill 


Fig. 9—Inclusions in Sample D. Notetched. X 250 


Table 4—Fatigue Resistance and T.S. of Thin Plates, 2 to 3 Million Cycles 


TS., Psi. 


.07 53,000-56,000 
104,000 


150,000 


Fatigue, Psi. 
Type of Loading Mill Scale, F, Welded, F,, 
Reverse bending 25,700-30,000 « 23,700 
Reverse bending 36,700 28,300 
Reverse bending 42,000 


BES, 


1 
0.024 
0.050 
0.054 
/ 0. 021 
0.024 
0.035 
— 
C, % | F./ 
0.05-0 0.79 
0.3 0.77 
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Fig. 11—Grain Size of Sample A. Etched. xX 125 


steel plate A, B and C, 0.04 in. thick, whose mechanical 
and chemical characteristics are given in Table 1. All 
samples were tested with mill scale. In addition, com- 
parative tests on bead-welded and butt-welded speci- 
mens were run for steel B. The results bring out the 
magnitude of scatter that may be expected when working 


Fig. 12—Grain Size of Sample M. Etched. - 125 


with plates of such a small thickness. The ratio of the 
fatigue limits of welded and virgin specimens with mill 
scale is an indication of the deterioratiou of mechanical 
characteristics caused by welding. For the particular 
plate thickness used in this investigation, this ratio 
appears to be 0.77 for steel B. 


Investigation of a Large Plate of Mild Steel 


The sample was a plate of mild steel about 6.5 x 3.25 
ft. and 0.08 in. thick. The plate was cut into a series of 
16 bands, half of which were left virgin and half were 
butt welded by means of an oxyacetylene torch. The 
investigation involved static and fatigue tests, chemical 
analysis and metallographic examination of base and 
weld metals. 

Both static and fatigue tests revealed considerable 
scatter of results for the virgin as well as welded plate. 
This scatter was ascribed in part to the variation of thick- 
ness, which was + 10.7%, and in part to the heterogeneity 
of the plate as shown later. In Table 2 are indicated 
the average values and the standard and maximum devia- 
tions of the results. Figure 6 shows all the results of 
fatigue tests carried out on 168 virgin specimens. The 
experimental points lie between an upper Woehler curve, 
WS and a lower one, WIJ. A similar diagram has been 
obtained for the welded specimens. 

Table 3 gives the results of the chemical analysis of 
the plate and weld metal. Five samples of plate were 
taken, four of which were located at the four corners of 
the plate and one in the middle portion of the latter. 
The results reveal considerable variation from point to 


- 


C,% T:S., Psi. 
0.15 54,500 
0.23 59,000 
0.28 63,000 
0.30 80,700 
0.70 127,000-134,000 


Type of Loading 
Pulsating 
Pulsating 
Reverse 
Pulsating 
Pulsating 


Table 5—Fatigue Resistance and T.S. of Thick Plates,* 2 Million Cycles 


Fatigue, Psi: 

Mill Scale, F, Welded, F, F./ts 
30,300 22,000 0.55 
31,600 22,500 0.53 

17,100 * 14,400 0.27 
35,800 23,800 0.43 
42,000 33,000 0.33 


* Spraragen, W., and Rosenthal, D., ‘‘Fatigue Strength of Welded Joints,”” THE WELDING JOURNAL, 21 (7), Research Suppl., p. 297 


(1943), 
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Fig. 13—Macro- and Microphotographs of the Gas-Welded 
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point of the plate. * The local high content in sulphur and 
nitrogen is noteworthy. 

The metallographic examination of samples has con- 
firmed the results of the chemical analysis. Figures 7 
and 8 bring out the presence of nitride needles in Samples 
A and D, while Figs. 9 and 10 show the inclusions due to 
impurities, mostly ferrous oxides. There is also con- 
siderable variation in grain size as shown by microphoto- 
graphs, Figs. 11 and 12. 

The examination, both macro- and micrographic, of 
welded specimens shows the usual structural changes 
produced by gas welding, Fig. 13, viz., cast structure in 
the weld, coarse grain near the weld and unaffected grain 
of the base metal at some distance from the weld. The 
weld metal appears sound and of a normal composition 
as shown by the results in Table 3. 


Conclusions 


1. The results of the fatigue tests made in reverse 
bending afford a good criterion of the deterioration of the 
fatigue properties of thin plates caused by welding. Be- 
cause of the scatter of the results, 25 specimens as a rule 
appear necessary for the determination of the fatigue 
limit of a virgin plate. The number of specimens for a 
welded plate may be as high as 30. However, if the 
consistency of the results also has to be determined, at 
least 75 specimens must be tested. In this way the 
average and the standard deviation may be obtained. 
By subtracting a threefold value of the latter from the 
average, the safe value of the fatigue limit can be com- 
puted.* Thus, in the case of the results contained in 
Table 2, the following safe values of the fatigue limit may 
be expected: plate with mill scale, 30,700 — 3 X 1000 = 
27,700 psi.; butt-welded plate, 23,700 — 3 2700 = 
15,600 psi. 

The ratio 15,600/27,700 = 0.57 is then a measure of 
the decrease of safety caused by welding. 

2. Any investigation of the mechanical changes 
produced by welding must be supplemented by a metal- 


* According to the theory of probability, this computation reduces the risk 
of a failure to almost nothing. (Note of the translator.) 


lurgical examination of the base and weld metal. In the 
present investigation the metallurgical study has re- 
vealed that the scatter of the results was due to the 
heterogeneity of the base metal, but that the decrease of 
the fatigue resistance itself was caused primarily by the 
shape factor of the weld bead. 


Translator’s Comments 


Despite the preliminary nature of the present study, 
two points of interest emerge from the results reported 
previously. They are, first, the considerable scatter of 
the fatigue results, and, second, the influence of the 
surface condition on the fatigue limit. The first point 
has much to do with the small thickness of the specimens 
employed and appears to be a factor which cannot be 
overlooked when it comes to the determination of the 
fatigue properties of thin welded stock. The problem is 
much the same as that encountered in spot welding 
aluminum alloys,* and the proper solution of this prob- 
lem appears to be some sort of statistical treatment as 
that suggested by the authors of the present paper. 

The second point, namely, the influence of the surface 
condition on the fatigue properties of thin welded plates, 
is best understood with reference to Table 4. This table 
contains the fatigue limits of virgin and welded plate and 
the corresponding T.S. of the plate. It is seen that the 
ratio of the fatigue limit of the virgin plate to the T.S. of 
this plate decreases sharply as the C content of the plate 
is increased. Yet the ratio of the fatigue limit of the 
welded plate to that of the virgin plate remains prac- 
tically constant. The same conclusion is reached when 
inspecting the results of pulsating tests on plates '/, to 
*/, in. thick, reviewed previously, Table 5. In both 
cases the deterioration of the fatigue properties of the 
plate as compared to the static ones is due primarily to 
the presence of a mill scale. The additional deterioration 
caused by the weld appears to be of much smaller 
magnitude. 


* Hess, W. F., Wyant, R. A., Averbach, B. L., and Winsor, F. J., “Some 
Observations of Spot-weld Consistency in Aluminum Alloys,” 
JournAL, 25 (4), Research Suppl., 201-s (1946). 
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COMMITTEE F. FATIGUE TESTING (STRUCTURAL) 
of the 
INDUSTRIAL RESEARCH DIVISION 
of the 
WELDING RESEARCH COMMITTEE OF THE ENGINEERING FOUNDATION 
REPORT NO. 1 


The Effect of Periods of Rest on the 
Fatigue Strength of Welded Joints 


HEN the first report* was made to the American 

Society of Civil Engineers, by W. M. Wilson, on 

his initial experiments on the Fatigue Strength 
of Riveted Joints, the question was immediately raised 
by engineers, whether the continuous alternations or 
reversals of load at a rapid rate, involved in these labo- 
ratory expefiments, were truly representative of the 
behavior of bridge connections which are stressed many 
thousands of times during their service lives, but with 
many periods of rest interspersed, so that the total 
number of applications of load extends over many years 
instead of over a few weeks. 

The same question is still raised by engineers who 
examine the results of the program on Fatigue Tests of 
Welded Joints which Committee F has under way. 

When this question was raised with respect to riveted 
joints, there were available results of an attempt by 
German experimenters to answer it. Their tests, made 
on riveted joints, were few and indicated somewhat 
higher fatigue strengths for joints tested with continuous 
loading than for joints tested with interrupted loading. 
However, the difference seemed too small to be signifi- 
cant. 

At its first meeting, Committee F decided that in order 
to validate its entire program and gain confidence in the 
fatigue strengths which it might determine by experi- 
ment, it would be fundamentally necessary to dispose 
of this question as to whether rest is beneficial, detri- 
mental or neutral. 

There was considerable debate as to the effect of rest 
periods on fatigue strength. Records were available 
of many fatigue tests which were interrupted, either in- 
advertently or purposely. The results of all interrupted 
tests agreed, within the range of experimental error, 
with those of tests paralleling them except that rest 
periods were omitted. Some Committee members ad- 
vanced the opinion that rest could have no beneficial 
effect, because fatigue is the result of mechanical stress 
raisers or incipient flaws which, once having become foci 
of failure, obviously could not be healed by rest. There 
was also presented the idea that corrosion at the roots of 
progressive failure, during periods of rest, might con- 
tribute to failure. However, others suggested that plas- 
tic flow at room temperatures during periods of rest 
might conceivably have a healing effect on incipient 
flaws. It was argued that the only effect of periods of 
rest upon the properties of stressed materials with which 
we are familiar is the well-known one of aging after per- 
manent deformation. Since the endurance limits of the 


* See Wilson and Thomas, “Fa Tests of Riveted Joints,"’ Univ. of 
Illinois Eng. Exp. Sta. Bulletin No. 802, May 31, 1938. 
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steels under consideration are well below the stresses at 
which appreciable permanent deformation occurs, it 
was felt by some that aging could not appreciably affect 
the endurance limit. Nevertheless, it was realized that 
fatigue failure is due to localized stresses, greatly ex- 
ceeding the average stress, which produce appreciable 
localized deformations and probably result in changes in 
the physical properties of the material in the small re- 
gions where fatigue cracks are likely to begin. With all 
of these views in mind, it appeared certain that the 
questions already raised by engineers indicated that 
doubt would persist until the results of rest vs. no rest 
fatigue tests on welded joints were made available. 
Therefore, Committee F made the experiments herein 
reported a first order of business. 
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Figure 1 shows the details of a specimen. All speci- 
mens were cut from one parent plate and made as nearly 
alike as possible without temoving the weld reinforce- 
ment. Tension control specimens and chemical samples 
were taken at various points over the plate to determine 
its degree of uniformity. The physical properties of the 
plate and chemical composition of the plate and weld 
metal are givenin Table I. The plate was slightly under 
the minimum strength of standard steel for bridges and 
buildings, A.S. T. M.-A7. All welding was done manu- 
ally in a down-hand position, using a mineral-coated 
electrode conforming to A. W. S. Classification E-60350, 
and alternating current. The slag was removed from 
each pass, and each pass was lightly peened. Table |! 
shows the number of passes, sizes of electrodes and cur- 
rent characteristics. Figure 2 is a cross section of the 
welding groove showing the number and positions of tlie 
beads of weld metal. The welded plates were radio- 
graphed and the welded joints were found to be prac- 
tically free of flaws, and to more than meet the radiv- 
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TABLE I. 


PHYSICAL PROPERTIES OF PLATES 
OF PLATES AND WELD METAL 


AND CHEMICAL COMPOSITION 
USED IN REST TESTS 


Roo 250-255 Amps. 33-38 - 1.78 hin, Fon 18 Reo 
U4 Roe 340-345 43-48 VoLTs —/.65 in. fom (8 Reo 


graphic requiremeats for Par. U-68 vessels under the 
A. S. M. E. Unfired Pressure Vessel Code. However, an 
examination of the radiographs, followed by a visual 
inspection of the specimens, disclosed several surface 
irregularities in the parent metal alongside the welds, 
and slight eccentricity (misalignment of abutting edges 
at the joint) in some instances. A careful study of the 
specimens and the results of the tests revealed no corre- 
lation between the variations in the fatigue strengths of 
the individual specimens and the flaws and inaccuraties 
in the’ specimens. All of the specimens were stress- 
relieved at 1200° F. and were held at this temperature 
for about two hours. 

‘A hardness survey of a cross section of one of the 
welded joints revealed a maximum hardness of 166 
Vickers. The average hardness of the plate was 120 and 
of the weld metal 125. 


EFFECT OF REST ON FATIGUE STRENGTH 


__PLATES 
| Stresses in— 1b. per s Reduction 
iel timate of Area, 
Point Strength per cent 
Range 30,500 to 56,000 to 51.0 to 
33,000 59,000 58.0 
Average 31,900 57,700 554 
PLATES 
Carbon Manganese Silicon Copper Phosphorus Sulphur 
Range 0.22 to 0.43 to 0.01 to 0.15 to 0.012 to 0.030 to 
0.28 0.46 0.02 0.18 0.019 0.037 
Average | 0.27 0.45 0.01 0.166 0.015 0.034 
WELD METAL 
Range 0.09 to 0.30 to 0.07 to 0.06 to 0.017 to 0.028 to 
0.11 0.33 0.11 0.08 0.021 0.036 
Average | 0.10 0.31 0.08 0.07 0.020 0.034 
= The method of making the tests was as follows: 
Nine specimens, as nearly as possible identical, were 
selected for a series to be tested at a given cycle, the 
Dommacey £. i maximum stress in the cycle and the ratio of the mini- 
mum to the maximum stress being the same for all speci- 
mens. Three were tested continuously, three were 
Arran tested with 5-minute rest periods following each 100 
fie. 2 cycles, and three were tested with 30-minute rest periods 
following each 100 cycles. Some series were planned aa 
failure at 100,000 cycles, others for failure at 2,000, 
250-255 cycles. The latter, however, did not include the tests 
2 with 30-minute rest periods because of the great length 
of time that, would be necessary for such a test. 
5 a ” The details of the results are given in Tables IILA and 
v4 IIIB. These tables include the stress cycles and the 
number of cycles for failure. They also show the fatigue 
strength, based. upon failure at 100,000 cycles and 
“ 2,000,000 cycles, computed from the test results by means 
= of the empirical equation F = S (n/N)°-" in which F is 
Werome Seceos the fatigue strength corresponding to failure at N cycles, 


S is the maximum stress in the stress cycle used in the 
tests, and m is the actual number of cycles for failure. 
Because this equation is empirical its accuracy decreases 
as the ratio n/N departs from unity. Values marked 
with a small solid circle (@) have doubtful accuracy be- 
cause they are calculated from n/N values varying con- 
siderably from unity. They have, therefore, been omitted 
from the averages of Tables IIIA and IILB, each of which 
averages is for a group tested with one period of rest. 

A summary of the average values is given in Table 
IV, each value of which represents the average of three 
tests recorded in Tables IIIA and IIIB. The stress was 
completely reversed during the cycles for the tests re- 
corded in the upper two lines and varied from zero to a 
maximum tension for the tests reported ‘in the lower 
three lines. 


Table IIIA shows that two of the specimens subjected 
to full reversals of load failed several inches from the 
weld, but Table IILB shows that all of the specimens sub- 
jected to zero to tension cycles broke near the weld. 
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EFFECT OF PERIODS OF’ REST. UPON FATIGUE - 
STRENGTHOF BUTT WELDS/N? Iv CARBON-ST 


VALUES MARKED @ NOT INCLUDED IN AVERAGES 


TABLE TB 


EFFECT OF PERIODS OF REST UPON THE FATIGUE 
STRENGTHC OF BUTT ARBON 


s 
STRESS IN 1000S} NO. OF LOCATION OF 
NO. OF LB PER SQ. IN. IN | STATIC 100 000.000 FATIGUE CRACK 
10) (2) (4) (5) ( (7) (8) 

Ci te -200 19.7 146 @) | 
c2 +20.0 to -20.0 119.7 4 
c3 +20.0 to -20.0 108.2 149@| 
a to -16.0 (246.2 573 | 207 | 2 
£2 416.0 to -16.0 990.0 20.1@ 14.9 
+160 to -i60 3994.2 16.04 | No Fanure 
= 20.) 154 
Al +200 te -20.0 213.2 21.6 16.08) | 
A2 +20.0 to -Z0.0 146.9 20.8 15.4@/ | 
A3 +20.0 +o -20.0 61.9 1g! | 
bz +16.0 fo -i60 562.2 573 19.0 @ 
je “16.0 105.9 '9.5@ 14.4 
1! +16.0 te -60 611.4 192 @ 42 
- +16.0 to -!6.0 860.9 19.9 @ 14.7 ! 
[3160 te -160 4044 18. “a6 | 
‘5 | 14.0 
B! $20.0 +e -20.0 120.6 20.4 5.1 @| | 
B2 = 420.0 to -200 132.8: 20.6 15.3 @| | 
Bs = $20.0 to -200 40.5 18.3 13.5 
HI = 420.0 te -20.0 523 19.5 144 @| | 
H2 420.0 te -20.0 257.6 220 163 @| 2 
H3 8 920.0 te -20.0 61.0 19.0 


= CYCLE OF LB.PER SQIN TIC N-100000N2000000 FATIGUE CRACK 
(2) (4) (5) (6) (7) (8) 
T Gz te +30.0 IT9L2 40.0¢@ 29.7 
° % +30.0 485. 35.1@ 26.0 
% +270 540.3 3200| 237 | 1 
Jz te +27.0 14559 35.36 262 
J3 ° te +270 4547.0 36.5@ 270+ 1 
MI O te +350 172.1 37.0 274 @| | 
M2 Oto 4350 191.4 37.4 27.7 @| | 
M3 fo +350 250.5 38.4 284 | 
Ay 37.6 26.4 1 
° to +210 1066.9 34.26 25.4 
© te +220 4907 235 11 
Fi > ° +300 314.1 57.3 33-6 249 @| ! 
F2 fe) to 4300 4739 35.1 26.0 @| 
3 Oo Oo to +300 365.7 342 253 | 
Av 343 23.8 

Ni ° 35.0 1200 356 264¢@1| 1 
9 


VALUES MARKED e NOT INCLUDED IN AVERAGES 


WELDING RESEARCH SUPPLEMENT 
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TABLE ° 


Iv 


EFFECT OF REST UPON FATIGUE STRENGTH OF BUTT WELDS 


IN 1/2-IN. CARBON 


STEEL PLATES 


Summary of Results 


Patigue Strength? 


Stress in 
1000's of 
lb. per N - 100,000* NH - 2,000,000* 
sq. in. 
No 5 Min. 30 Min. No 5 Min. 
Rest Rest Rest Rest Rest 
-20. 19.8 
43 + 20.0 to -20.0 20.1 20.5 
> 1416.0 to -16.0 15.4 
0 to+27.0 25.6 23.8 
a 
83 0 to +30.0 34.3 27.2 
oo 
to +35.0 37.6 34.9 


1 Each value represents the average of three tests. 
* W represents the number of cycles for failure. 


** Two groups of three tests each at this rest period 
with average fatigue strengths as shown. 


Furthermore, the specimens with failures far from the 
welds withstood more stress cycles than those with 
failures near the welds. These results appear to indi- 
cate that the fatigue strengths of some of the welded 
joints were greater than the fatigue strength of the plate 
material. 

The data contained in Table IV indicate that rest 
periods decrease the fatigue strength, and that the 
longer the rest period the less is the indicated fatigue 
strength. The average difference between the rest and 
no-rest strengths was 5%; and the maximum difference 
was 10%. 

All fatigue tests are erratic, and the determination of 
final values would require a larger number of tests than 
that contemplated in this investigation. Moreover, it is 
not likely that the average values obtained from a large 
number of tests would differ materially from the results 
given in Table IV. 


Conclusion 


These tests were conducted on a steel slightly softer 
than the standard grade for bridges and buildings (such 
as ASTM-A7). 

_ The Committee interprets the results of these tests to 
indicate that rest periods have no significant effect upon 
the fatigue strength of welded joints in such a steel, 


when these joints are made and tested under con- 
ditions approximating those met in general structural 
work; and that this conclusion may be extended to 
welded joints in steel of the standard grade for bridges 
and buildings. 
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Quantitative Measurement of the 
Cracking Tendency in Welds 
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Abstract 


A testing method has been developed for evaluating 
quantitatively the tendency of a weld to crack during 
cooling (an electrode or a steel to form cracks in the weld 
area). The: specimen is designed to permit variation 


of the restraint against which the weld shrinks during — 


cooling (in quantitative steps). The groove design, 
initial plate temperature, welding heat input and elec- 
trode can be selected to match any desired conditions. 

Data are presented to show that changes in electrode, 
in steel composition and in plate temperature each result 
in significant and predictable variations in the cracking 
tendency. 

Thus, heats of steel can be rated quantitatively as to 
their relative cracking tendency, using any electrode de- 
sired. The effect of preheat in changing such ratings 
can be determined by the test. 

Also, electrodes may be compared as to the degree of 
restraint they can sustain during cooling without crack- 
ing, again with any chosen steel. 

There is evidence to believe that the specimen is suit- 
able for the study of both weld metal.cracks and base 
metal cracks. 

A means of expressing the degree of weld restraint 
quantitatively, without stress measurements, is sug- 
gested. It is based on the ratio of the transverse shrink- 
age of the weld in the joint in question to the shrinkage 
of the weld when completely free of restraint. This 
ratio may be expressed as the “‘percentage of free shrink- 
age.” 


* This paper is based on work done for the Office of Scientific Research and 
Development under Contract No, OEMsr-1064 with Lehigh University, 
Bethichem, Pa. 

t Metallurgy Department, Lehigh University. 


By R. D. Stout, S. S. Tor,’ L. J. McGeadyt and G. E. Doan! 


Introduction 


Sometimes a weld will crack during welding or just 
after welding is completed. Why does the crack form? 


‘The electrode used certainly may be responsible. Or 


the base plate may be of faulty composition for welding. 
In another weld no crack forms, but perhaps the weld is 
just at the point of cracking. How can one judge the 
tendency of a weld to crack, and thereby give a quanti- 
tative rating to each electrode tried and to each base 
metal composition used? 

The testing method presented here offers such a 
method for rating quantitatively an electrode with 
respect to its tendency to form cracks in the weld, when 
used to weld a given steel. If a standard electrode is 
adopted, then the test can be used to rate a series of 
different steels when welded with this chosen electrode. 

In addition, it was hoped that this testing method 
would yield some quantitative information as to the 
effects of each of the many other variables which enter 
into the formation of cracks in the weld zone. The 
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Fig. 1—Restraint Specimens 
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Fig. 2—Details of the Fin Specimen 


specimen was designed to permit a controlled variation 
of restraint, plate temperature and groove dimensions. 
The welding current, speed, electrode type and plate 
analysis were, of course, also independently variable, 
Thus, the action of each variable could be studied inde- 
pendently and its effect measured quantitatively. 


Development of the Specimen 


The Variables of Welding 


The present knowledge of crack formation is limited to 
a large but unrelated mass of experimental observations, 
as indicated by the excellent literature surveys of 
Spraragen and Claussen.' This state of affairs is not 
surprising in view of the complex interplay of factors 
which are involved in the problem. 

It is worth while here to examine first some of the fac- 
tors which are known to be important in the formation of 
cracks. To begin with, it is possible to divide them into 
two types: first, those variables which can be controlled 
directly, termed here “‘external factors,” including the 
plate composition, thickness and temperature, the 
dimensions of the groove including the land and gap, the 
external rigidity or restraint, the composition, diameter 
and coating of the electrode, and the welding voltage, 
current and speed; secondly, those variables which are 
only indirectly under control, called here the ‘‘internal 
factors,” including the cooling rate, depth of penetration 
and thickness of the bead, the contour of the weld includ- 
ing the root conditions, the composition of the fused metal 
resulting from the dilution of the deposited metal by the 
base plate, the stress distribution as influenced by ex- 
ternal restraint, rate of freezing and cooling, and joint 

metry. In addition, there are certain ‘inherent 
actors” beyond experimental control, such as the ther- 
mal diffusivity, physical properties (at various tempera- 
tures) and allotropic transformations of steel. 
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The reading of this list will make apparent the neces- 
sity of adopting testing procedures in which certain fac- 
tors are deliberately varied while all others are held as 
constant or consistent as possible. It is a truism to say 
that conflicting results among investigators usually 
originate either from inadequate control of the ‘‘con- 
stant” conditions or from maintaining the “‘constants’’ 
at different levels. 


Requirements of the Test 


There are certain theoretical and practical considera- 
tions upon which the choice of a test specimen for 
measuring cracking tendency must be based. 

For theoretical purposes, the specimen must be sensi- 
tive to changes in conditions and it must be reproducible, 
but it must not tend to create effects which would be 
absent in production welding. For example, the means 
of varying external restraint must not affect the cooling 
rate. The use of wide and narrow specimens to vary 
restraint would introduce this unwanted change in cool- 
ing rate. Furthermore, the specimen must be suitable 
for variation of the welding conditions in a range corre- 
te to regular practice, that is, it must not be so thin 

t it will melt through with heavy currents. There 
must be some assurance that the factors being held con- 
stant are under proper control, such as the groove and 
notch conditions. Finally, those variables which are to 
be studied should be subject to quantitative regulation. 

On a practical basis, the specimen should be readily 
prepared and should not use too much steel. It is prefer- 
able to have the specimen in one piece, so that clamping 
or welding to a heavy base may be avoided. It should 
be possible to vary the plate thickness and temperature, 
the degree of restraint, the groove design and the welding 
current and speed over suitable and practicable ranges of 
these variables. 


Testing Methods in the Literature 


A considerable number and variety of specimens have 
been described and used for studying weld cracks. Some 
have been very helpful. In general, they take the form 
of go—no go, that is, “pass—fail,”’ tests under rigidly 
specified welding conditions. Of this sort are the 
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Bottom Gage 
Fig. 3—Method of Attaching Dial Gages at Groove Mid-Point 
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Table 1 


Semikilled Ship Steel, */,-In. E 6020 Electrode, 180 Amp., 7.5 
In./Min., 5-In. First-Pass Welds 


Restraint 1-In. Plate 1'/,-In. Plate 
2 0.020 0.020 
3 0.015 
31/2 X 0.013 
4 0.015 X 0.006 
0.013-X 0.012 
5 X0.011 

6 X0.011 X 0.010 
o/s 
8 X 0.010 xX 0.00) 


Restraint is indicated in terms of the uncut width of the speci- 
men. 


: + ergs rat across the groove is indicated in thousandths of an 
inch. 

i The prefix X indicates that the specimen cracked and the figure 
is the maximum contraction before cracking. 


Reeve’s? test, and T-joint,** the cruciform’, the cross- 
fillet,® the Navy torture test and the H-plate.’ In some 
cases, stress measurements or behavior under external 
load have been a part of the test. In the test developed 
during the present investigation, an attempt has been 
made to provide quantitative results and at the same 
time permit greater flexibility in test conditions than has 
been possible in the past. 


Preliminary Tests for Specimen Design 


It is not difficult to design a specimen which will 
allow a suitable range of electrode sizes, heat inputs, 
plate temperatures and groove designs. At the outset, 
it was decided that a solid specimen should be sought to 
obviate prewelding or clamping to a heavy base. Pre- 
welding introduces stresses, while clamping or bolting 
admits the possibility of slippage. 

On the other hand, the problem of introducing re- 
straint sufficient to crack even mild steel plate in '/.-in. 
thicknesses, the restraint being continuously variable 
down to low levels, is less easily solved. This must be 
accomplished without interfering seriously with the 
cooling rate or distorting the stress distribution. 

In the exploratory experiments a number of designs 
were investigated to learn what plate dimensions were 
required to produce cracks in the weld. Figure 1 shows 
some of these. When 0.20% C ship steel and E 6020 
electrode were used, visible weld cracks were produced 
readily in each of the specimen designs shown. 
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Fig. 4—Cracking Tendency of Electrodes—*/,-In. 0-30% C 
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Fig. 5—Cracking of Steels—'/>-In. Plate 


The next step was to select a means of varying re- 
straint The obvious method of doing this was to weaken 
the plate which resists the shrinkage of the weld. While 
this could be done in various ways, it was intended to 
find a technique which would furnish stepwise variation 
of restraint from virtually zero up to the maximum in- 
herent in the specimen. Experiment soon indicated that 
the most gradual variation could be secured by cutting 
slots into the sides and ends of the specimen. Thus, the 
specimen finally chosen took the form shown in Fig. 2. 
The degree of restraint existing in the specimen was ex- 
pressed numerically by the width of specimen between 
the slots measured in inches (twice dimension X in Fig. 
2). 

The groove profile used throughout the investigation 
is also shown in Fig. 2. It conforms to A.W.S. stand- 
ards. A land of '/, in. was maintained to allow high heat 
inputs to be applied without danger of burning through. 
An accurate gap of '/1 in. was prepared, using a milling 
slitter. The preparation of the groove must be carefully 
executed so that effects of the groove geometry are held 
strictly constant. 

The length of the groove was set originally at 5 in. 
While this length was suitable for mild steel plate 1 in. 
thick or greater, it was found that in thinner plate, such 
as '/: iu., cracks would not form. When the groove 
length was reduced to 3 in., cracks were produced easily 
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Fig. 7—Effect of Heat Input on Cracking Tendency of Carbon 
and Alloy Plate Plate, */:s-In. E 6020, 180 Amp. 


in the '/:-in. plates. Therefore all '/2- and */,-in. thick 
plates were prepared with a 3-in. groove, while in the 1- 
and 1'/,-in. plate the groove was kept at 5 in. 

An early decision was made to avoid stress measure- 
ments of any kind. Instead the interaction between the 
weld and plate was measured by gage marks across the 
weld groove. It was thought that restraint could be 
measured by the degree to which the plates interfered 
with the natural, free shrinkage of the weld during cool- 
ing. It is, of course, this interference with weld shrink- 
age which sets up stresses end leads to cracking. This 
question is discussed more fully later. 

The measurement of contractions across the weld 
groove was made by a number of techniques. In all 
cases the accuracy was kept within 0.0005 in. Initially, 
punch marks were placed at 1-in. intervals along the 
groove and measured with a Berry type gage before and 
after welding. This method had the disadvantage of 
yielding useful data only if the specimen did not crack. 
When it was found (see Discussion for details) that the 
contraction was fairly uniform and quite consistent 
along the full length of the weld, the procedure was 
altered so that contractions were from that time onward 
measured at mid-length of the weld only. These could 
be recorded during welding and before cracking, if it 
occurred. For this purpose Ames dials were fastened on 
pins at the mid-point of the weld, one on top and one on 
the bottom of the test plate. In Fig. 3 the setup is 
shown. 

Since weld cracks were the immediate object of study, 
it was important to establish a reliable basis for their 


Table 2—Contractions Across the Weld as Measured by 


Gage Marks 

1-Inch Ship Plate, */\s-In. E 6020 Electrode, 180 Amp., 7.5 In./Min. 
Specimen 

Width, Stations* 

In. 1 2 3 4 5 + 

2 Top 0.015 0.025 0.030 0.032 0.025 

Bottom 0.015 0.023 0.028 0.028 0.025 

4 Top 0.012 0.015 0.018 0.016 0.013 

Bottom 0.009 90.011 0.013 0.012 90.010 

6t Top 0.001 0.002 0.002 0.002 0.002 

Bottom 0 0.001 0.002 0.002 9.001 


* Stations were at 1-in. intervals along groove, numbered from 
weld start. 


t The 6-in. specimen was cracked. 
Contractions are in inches, the movement being that from before 
welding to after welding and cooling. 


detection. Four methods were adopted for this purpose: 


1. Cracks visible to the eye. 

2. Cracks revealed by the Magnaflux test. 

3. Cracks detected by the contraction dials. 

4. Cracks revealed on the cross section by a low- 
power microscope. 


It is interesting to note that the dial gages serving for 
contraction measurements proved to be a sensitive means 
of detecting cracks. Greater consideration is given to 
this phase under Discussion. 

Before the specimen was ready for survey testing, its 
sensitivity and reproducibility had to be determined. A 
0.20% C ship steel in 1- and 1'/,-in. plate thicknesses 
welded with E 6020 electrode was used to that end. 
From Table 1 it will be seen that differences result be- 
tween specimens of only '/,-in. difference in restraint and 
that no inconsistencies exist. 

At this point, then, with the specimen design estab- 
lished as suitable for quantitative observations and pro- 
cedures for crack detection and weld contraction pro- 
vided, preparations for the main program were complete. 


The Testing Program 


Under the major portion of the program, the behavior 
of the specimen was observed when conditions were 
varied as follows: 


1. Effect of different types of electrode on a given 
steel. 

2. Effect of different plate compositions with a given 
electrode. 


Fig. 8—Setup for Free-Contraction Measurements. The Starting and Finishing Plates Are Shown 
on Either Side of the 1-In. Long Groove 
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3. Effect of preheating of the plate. 
_ 4. Effect of heat input for a carbon steel plate and for 
an alloy plate. 


The tables in this section have been extracted for 
clarity from the complete data presented under Experi- 
mental Details. 


Study of the Electrode Type 


_ It is well known that different electrode types produce 
welds varying in their tendencies to crack. i 
tivity of the specimen is satisfactory, it should be possi- 
ble to differentiate between electrodes of the several 
classes. Accordingly E 6010, E 6020, E 10010, Cr-Ni- 
Mo, bare rod and 19-9 Cb electrodes were included in a 
series of tests to determine what differences could be 
shown. 

In Fig. 4 the results of the electrode survey are pre- 
sented. A single heat of 0.30% C steel was used for the 
series. The electrodes were */;, in. in diameter and were 
run with 180 amp. at 10 in. per minute. 


No Crack 


Cracked 
Fig. 9-—Detection of Cracks by Magnaflux Test 


Very definite differences were demonstrated in these 
tests. E6010 performs better than E 6020, as experience 
would predict. Furthermore, the high tensile electrodes 
form cracks at considerably lower restraints. Finally, 
it is significant that the austenitic electrode prevents 
cracking in even the specimen with full restraint. 


The Effect of the Base Plate 


A second series of tests was in which the base 
plate composition ranged from 0.20% C semikilled ship 
steel, 0.30% C Si-killed carbon plate and NE 8620 to NE 
9430 and SAE 4130. For this */,-in. E 6020 electrode 
at 180 amp. and 10 in. per minute was employed. 


If the sensi-. 


Fig. 10—Cross Section Showing Root Crack Invisible at the 
Surface. Nital Etch. 5 diameters 


Figure 5 summarizes the results of varying the base 
plate. The higher carbon and alloy content in the plate 
are accompanied by a greater tendency toward cracking. 
On the other hand, the NE 8620 plate displayed a rela- 
tively low cracking tendency, probably because of its 
low C content. 


Influence of Preheating 


Preheating has long been accepted as a most effective 
method of reducing susceptibility to cracking. The 
response of the test to preheating should coincide with 
what is already well known. 

The performance of 1'/,-in. 0.30% C plate at plate 
temperatures from 32 to 400° F. was studied, using 
+/,-in. E 6020 electrode at 180 amp. and 6 in. per minute. 
As shown in Fig. 6, a sharp reduction in cracking tend- 
ency ensued when a preheat was applied. Welds made 
at 32° F. cracked when the restraint was 3'/, in., but 
when preheated to 400° F. cracking did not occur until 
the restraint of 7 in. was imposed. 


Effect of Heat Input 


The chief effects of a change in heat input involve the 
cooling rate, the size of the deposited bead, the depth of 
penetration and shape of the bead and the amount of 
weld dilution. Now since these factors do not all act in 
the same direction as far as cracking is concerned, the 
over-all result is not readily anticipated. In fact, a 
change in plate composition may alter the influence of 
the rate of heat input. 

According to Fig. 7, a 40% reduction in heat input, 
obtained by increasing the welding speed from 6 to 10 in. 
per minute, has little influence on the level of crack 
formation in 0.30% C steel. This result is substantiated 
by more extensive data shown in Tables 4 and 5. With 
SAE 4130, however, the threshold of cracking is notice- 
ably lowered. This was found to accompany base metal 
cracks, the first produced in this type of specimen. The 
measured heated-zone hardness was almost 500 Vickers. 


Experimental Details and Discussion of Results 


In the preceding sections the primary aim was to pre- 
sent the general conclusions free of excessive technical 
detail. In this portion of the report such details, as 
well as the complete data from which Figs. 4 to 7 were 
selected, will be discussed at length. 


Plate Preparation and Welding 


The analyses of the plates on which the testing was 
performed were as follows: 


1 
j 
4 
| 


Steel Cc Ma Si P Ss Cr Ni Mo 
0.30% C steel 0.28 0.47 0.16 0.018 0.017 .. 0.13 0.19Cu 
Ship steel 0.19 0.41 0.04 0.019 0.045 0.02 0.04 0.08Cu 
SAE 4130 A Not supplied 
SAE 4130 B 0.32 0.52 0.27 0.017 0.019 0.95 0.23 0.21 
NE 9430 0.30 1.05 0.57 0.017 0.017 0.31 0.35 0.12 
NE 8620 Not supplied 


Table 3—Typical Contraction Measurements from Dial 
Gages 
1'/s-la. 0.30% C Plate, */i.-In. E6010 Rod, 180 Amp., 6 In./Min. 
4-In. Wide Specimen 8-In. Wide Specimen 


Time, Top Bottom Top Bottom 
Sec. Gage Gage Gage Gage 
10 0 0 0 0 
20 0.0038 0.0015 0.001 0.0005 
30 0.009 0.005 0.004 0.002 
40 0.013 0.008 0.0085 0.004 
50 0.015 0.0115 0.0115 0.006 * 
1:10 0.017 0.0125 0.013- 0.0085 
1:20 0.018- 0.0135 0.013 0.009 
1:30 0.018 0.014- 0.013* 0.009 
1:40 0.018 0.014 0.013* 0.0085 
1:50 0.018 0.014 0.013 0.008 
2:00 0.018* 0.014 0.011 0.006 
2:30 0.0185 0.014 0.007 0.003 
3:00 0.0185 0.014 
4:00 0.019 0.014* 
5:00 0.019 0.014+ Cracked 
10:00 0.019 0.014* 
Midweld* 0.005 0.003 0.003 0.001 


* Dial readings at instant electrode reached plane of dial gage 
posts. 


The 0.30% C steel, the ship steel, and the NE 8620 
were normalized from 1650° F. after being cut to size but 
before machining. The remaining three were tested as 
received, namely, as annealed in the mill. 


Fig. 11—-Base Metal Crack Shown by Etching and Magnaflux. 
Nital Etch. 5 diameters 


The groove and gap were machined with milling cut- 
ters. The depth of the land was kept within '/j in., 
nearly always within '/» in. The width of specimen re- 
maining after finning was maintained well within '/; in. 
of the desired dimensions. 

All welding was performed by means of an automatic 
head. The rate of travel provided by a lathe carriage 
was constant within 2%. A 3-sec. delay in the travel of 
the electrode at the beginning of the weld was provided to 
build up the bead to full size. At the finishing end, the 
electrode was allowed to travel past the end of the groove 
so that the arc lengthened and broke off, thereby muu- 
mizing the formation of a crater. Only first pass welds 
were studied. 

The speed, welding current, arc voltage and kilowatts 
heat input were recorded. In addition, the length of 
electrode consumed and the time of welding were ob- 
served for each test. 


Table 4 


0.30% Carbon Steel, Room Temperature, */#-In. E 6020 Electrode, 180 Amp. 


'/e-In. Plate, 4/,-In. Plate, 1-In. Plate, 1'/s-In. Plate, 
7 3-In. Weld 3-In. Weld 5-In. Weld 5-In. Weld 
Restraint, Joules/In. Joules/In. Joules/In Joules/In. 
In. 1/¢-In 
R Rod 
In. 35M 47M M 35M 47M 60M 35M 47M 60M 80M 35M 47M 60M 80M 
2 0.017 0.018 0.019 0.015 0.016 0.018 0.018 0.020 0.021 0.021 0.018 0.020 0.020 0.021 
4 0.012 0.013 0.013 0.011 X0O.011 X0.012 0.012 0.014 0.015 0.015 0.011 X0.012 0.013 0.014 
X0.008 X0.008 X0.010 X0.011 X0.012 X0.012 
Ser X0.008 X0.008 X0.0t1 0.010 0.011 0.012 X0.010 X0.011 X0.012 0.012 
5 X 0.008 X0.010 X90.11 xX 0.010 X0.008 X0.010 X90.010 X0.010 
51/2 0.011 0.012 0.012 X0.009 X0.010 X0.010 0.012 
6 0.010 0.011 X0.012 X0.007 X0.008 X0.010 y X0.010 X0.010 0.011 X0.008 X0.010 X0.010 
X0.009 X0.011 X0.011 
61/2 X0.010 X0.010 X0.010 
X 0.007 
7 X0.009 X0.010 X0.010 X 0.009 X 0.010 
8 X0.009 X0.009 X90.010 X0.008 X0.009 X0.010 X90.010 X 0.009 X0.009 
See Notes for Table I. 
Table 5 
0.30% Carbon Steel, Room Temperature, */is-In. E 6010 Electrode, 180 Amp. 
/2-In. Plate, */«-In. Plate, 1-In. Plate, 11/:-In. Plate, 
2 3-In. Weld 3-In. Weld 5-In. Weld 5-In. Weld 
Restraint, Joules/In. Joules/In, Joules/In. Joules/In. 
In. 35M 47M 60M 35M 47M 60M 35M 47M 60M 80M 35M 47M 60M 80M 
a 
4 0.011 0.012 0.013 if ez 0.012 0.013 0.013 
5 0.009 0.010 X0.010 ‘on 0.010 0.011 0.011 0.012 
X0.007 X0.008 X0.007 0.012 X0.008 X0.011 X0.010 X0.012 
6 0.009 0.011 0.011 X0,008 X0.008 X90.010 0.010 0.011 0.013 X0.008 X0.010 X0.011 X.012 
0.010 
61/2 X 0.009 0.010 0.011 de X0.008 X0.010 X0.011 X0.012 
7 X0.007 X90.010 X0.009 X0.008 X0.010 X0.011 X90.012 X0.007 an 
8 X0.007 X0.008 X0.009 X0.007 X0.007 X0.008 X0.007 X0.008 X0.010 X0.011 X0.006 X0.009 X0.010 X0.014 


See Notes for Table 1. 
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X0.012 


0.010 


X 0.009 


X0.006 X0.007 
x0'004 X0.006 X0.005 X0.007 


X0.010 X0.012 X0.008 
0.009 X0.011 


X0.010 


1/;-In. Plate 
Joules/In. 
35M 
0 


0.011 


X 0.009 


—~ 


Table 6—Survey of Electrodes 
60M 


0.30% C Steel, */:.-In. Electrode, 


1-In. Plate 
Joules/In. 


35M 


Bare Rod 
3/,-In. Plate 
Joules/In. 
35M 60M 
0.009 


0.008 


X0.005 X0.005 


0.011 X0.005 X0.006 


1/,-In. Plate 
Joules/In. 
35M 60M 
0.008 
X 0.008 
X0.007 X0.008 


X 0.007 


X 0.005 


2"/2 


3 


2 
See Notes for Table 1. 


Restraint, In. 


WELDING RESEARCH SUPPLEMENT 


Besides the specimen used for the body of the program, 
a number of tests were run on a special arrangement of 
narrow plates shown in Fig. 8 in order to provide a weld 
which would solidify under virtually zero restraint. [n 
this way the “free contraction’ of the weld could be 
obtained. The significance of these tests will be dis. 
cussed presently. 


Contraction Measurements 


The only measurements which were undertaken were 
the movement inward of the plate surrounding the weld 
groove arising from the weld metal contraction. I[ni- 
tially, this movement was detected by 1-in. gage marks 
across the groove spaced at 1-in. intervals along the weld. 
The marks were measured before and after welding with a 
Berry-type gage accurate to 0.0005 in. 

Some contractions obtained by this technique are given 
in Table 2. There are two counts on which such data 
are insufficient. First, they are significant only on speci- 
mens which have not cracked. Second, the technique 
does not provide for a necessary correction arising from 
the cooling and contraction of the first portion of the 
weld before the latter part is deposited. As data will 
show, the first section of the weld is able to draw in the 
sides of the groove an appreciable amount before the arc 
reaches it, and thus a zero reading at the time the arc 
reaches the location of the gage mark is required. 

In order to furnish more complete information on the 
movements of the groove, dial gages were attached to the 
specimen in the manner shown in Fig. 3. By observing 
dial readings at 10-sec. intervals during and after welding 
a continuous record of the groove contraction is avail- 
able. In addition, the gages serve as a sensitive device 
to detect crack formation. The use of top and bottom 
gages allows for compensation for any warping of the 
plate. In Table 3, a typical set of gage readings is re- 
produced. The correction fur warpage was made on the 
basis of similar triangles, from which the contraction 
occurring on a plane level with the root of the weld was 
calculated. 

After it was decided that the gages fastened at the mid- 
point of the weld would supply sufficient data, the 
majority of the tests were carried out omitting the gage 
marks. 


The Detection of Cracks 


The detection of cracks in the welded groove was a 
critical phase of the investigation. A combination of 
methods which was thought to meet general acceptance 
was chosen as follows: 


1. Visual examination. 

2. Magnetic powder method. 

3. Dial gage indications of weld contraction. 

4. Low power microscopic inspection of weld cross 
sections. 


It would be possible to set up a system for classifying 
the cracks according to the method necessary to detect 
them and their length. This appeared to offer no 
special advantage over the alternative of selecting a 
threshold crack size above which the weld is cracked, be- 
low which it is not cracked, for practical purposes at 
least. Fortunately, it was found by experiment that the 
dial gages would pick up the cracking almost as readily as 
cross sectioning. The only type of crack which was 
missed by the gages but was found by sectioning was a 
partial crater crack, limited to within 1 in. of the crater 
and running through only a portion of the bead height. 
Since it was associated with the crater, this type of crack 
was not interpreted as being significant to the investiga- 
tion. The cracking threshold was chosen arbitrarily as a 
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\/\s-in. high crack, visible in either of two cross sections, 
taken 1 in. away on either side of the weld mid-point. 

In all cases, the cracks produced were longitudinal. 
In the carbon steels only weld cracks were observed. In 
the alloy plates, however, cracks starting in the heated 
zone were revealed by cross sectioning. It is evident 
that the origin of cracking is the notch inevitably present 
at the root of the weld. Frequently cracks invisible on 
the surface would be found to run upward from the root, 
whereas surface cracks were never observed which were 
not continuous to the root. Figure 9 shows some weld 
surfaces, cracked and crack-free. In Fig. 10 a root-crack 
which did not reach the surface is illustrated. Figure 11 
contains a photograph of a crack believed to originate 
in the heated zone of alloy plate base metal. 


The Data 


For clarity the data presented in the previous sections 
were extracted from the extensive series which have been 
accumulated during the program. It is the intention 
here to furnish complete tables of data for the reader 
who is interested in the full details of the work. There 
are essentially two pieces of information for each test: 
the contraction observed at the mid-point of the groove 
(corrected as discussed above) and the presence or 
absence of cracking. 

In Tables 4 to 7 are found these data. Complete in- 
formation as to the welding conditions accompanies the 
tables. 

Table 8 contains the ‘‘free contraction’’ values of welds 


matching the same conditions of welding current and 


speed used for the regular specimens. 
Discussion of Results 


The underlying philosophy of the approach chosen for 
the investigation was based on two precepts. First, it 
was hoped that some fundamental data could be accumu- 
lated concerning the influence of the welding variables 
on cracking, using a technique which circumvents the 
difficulties of stress measurements and their interpreta- 
tion. But, second, it was intended that, regardless of 
the value of the fundamental data produced, a quantita- 
tive method of relating the cracking tendency to these 
welding variables would be made available. 

Now the concept which prompted the measurement of 
contractions across the weld groove can be set forth as 
follows. When weld metal is deposited in a groove, the 
fused metal and adjacent heated zone are subsequently 
cooled, thereby undergoing a natural thermal contrac- 
tion. If there were no external interference, the amount 


of shrinkage would depend only on the temperature 
change, the thermal characteristics and. the physical 
dimensions of the cooling metal. This shrinkage value 
would be the “free contraction” of the weld. In the 
presence of external restraint, however, the natural 
contraction of the weld area is forced to adjust itself by 
undergoing plastic change of shape instead of a simple 
decrease in size; and in the process, stresses are set up. 
The greater is the external restraint, the more plastic 
adjustment is required and the higher are the resultant 
stresses. Eventually the stress will reach a level which 
produces cracks in the weld. Now it seems reasonable 
that adaptation of the weld to this action of external 
restraint can be detected and measured by the amount of 
contraction the weld experiences. While three dimen- 
sions are involved in the process, the direction across the 
weld is of greatest interest, because only in this dimension 
is there serious stress concentration, by virtue of the 
notch effect of the weld root. 

The adaptation of the weld to external restraint, then, 
is expressed in terms of the fraction of the free contrac- 
tion it has undergone. For example, an unrestrained 
weld in '/;-in. plate may show a transverse contrac- 
tion of 0.020 in. Under a given restraint, say a 4-in. 
wide specimen, the contraction is reduced to 0.013 in. 
The percentage of free contraction is 65%. _ If a series of 
specimens with graduated restraint is made, it may be 
found that at 0.011 in. contraction obtained on a spect- 
men 5'/, in. wide the weld cracks. Then it can be 
stated that the cracking threshold for that steel and those 
welding conditions is ‘55% of free contraction.” But 
if such a mode of expressing restraint is not useful, a 
quantitative measure remains—namely, the width of the 
critical specimen first. producing a crack, here 5'/2 in. 
The value of the percentage of free contraction concept 
lies in the fact that results obtained on specimens of 
different designs and thicknesses can be compared. 

The data of Tables 4 to 8 provide an opportunity to 
test the validity of.such an approach. From them, 
Table 9 has been constructed. There is a definite tend- 
ency for the cracking threshold to appear at fairly 
consistent percentages of free contraction for each steel 
and electrode combination. The scatter may be due to 
errors of measurement as well as fallacies in the concept. 

The variables which are known to participate in the 
cracking tendency have already been listed. It is need- 
less to remark that an analysis of the action of each of 
them is beset by considerable difficulty. 

In the case of external restraint, the influence is 
entirely physical; and therefore it might be expecfed 
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Table 7—Survey of Alloy Steels 
+/\e-In. E 6020 Electrode, 180 Amp. 
NE 8620 NE 9430 SAE 4130A SAE 4130B » 
'/>-In. Plate 1-In. Plate 1/,-In. Plate ‘/,-In. Plate */--In. Plate 
Joules/In. Joules/In. Joules/In. Joules /In. Joules/In. 
Restraint, In. 35M 60M 35M 60M 35M 60M 35M 60M 35M 60M 
2 0.012 0.011 0.011 0.011 0.013 
2"/s X 0.010* 
3 0.011 0.010 X 0.009* 
0.010 0.009 X 0.008* 
4 0.011 0.012 0.010 al X 0.008 0.010 X 0.008 0.009 X 0.008* 0.011 
4'/, X 0.009 0.012 X 0.009 X 0.009 
5 ; 0.011 X 0.009 X 0.010 X 0.008 0.009 Mis X 0.006 X 0.009 
0.011 abe X 0.010 X 0.009 
6 0.010 X 0.009 X 0.009 X 0.009 X 0.006 0.009 X 0.006 X 0.006 ~ X 0.007 
X 0.008 X 0.007 


* Base metal cracks. 
See Notes for Table 1. 
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Table 8—Free Contraction Measurements 
*/,-In. 0.30 C Steel, */1s-In. Electrode, 180 Amp. 


Speed, 

Electrode In. /Min. Contraction, In. 
; E 6020 10 0.018 
7.5 0.020 
6 0.021 
E 6010 10 0.018 
7.5 0.020 
6 0.021 
Bare rod 10 0.012 
6 0.014 
Cr-Ni-Mo 10 0.013 
6 0.015 
E 10020 10 0.016 
6 0.019 


that a quantitative measure is feasible. It is true that 
the effect of restraint is relatively straightforward. As 
it is increased, it sets up rising stresses until the weld can 
no longer oppose them without cracking. It is even 
possible to express the restraint in terms of stress meas- 
ured in the plate adjacent to the weld or, as suggested 
above, in terms of the percentage of free shrinkage per- 
mitted. And yet there are at least two points on which 
such a treatment is inadequate. For one, knowledge of 


the externally induced stresses is of little service in 
evaluating the nature of the stresses created in the weld 
itself, particularly in the critical notch area of the weld 
root. But besides this, it is almost impossible to predict 
quantitatively the restraint which a given joifit in a 
structure will possess. Not only each design but every 
joint will vary according to the fit-up, internal stresses 
and details of the joint geometry. Of course, there are 
partial remedies for this situation. If the designer is 
conscious of the dangers of excessive restraint he can 
modify his design to lower its intensity. The welding 
engineer can resort to welding sequences which are 
known to be successful in minimizing stress intensifica- 
tion. 

Like restraint, preheating is not especially complex 
in its behavior. It is highly effective in reducing the 
cracking tendency as Fig. 6 has shown. With the pro- 
posed specimen, it is possible to obtain some measure. of 
the improvement afforded by preheating. The contrac- 
tion measurements suggest that preheating lowers the 
stresses set up during cooling by decreasing the tempera- 
ture differential through which the weld zone passes. 
If it is remembered that the tensile strength of the weld 
metal is low until cooling has reduced it to a red heat, the 
surprisingly large reduction in weld shrinkage caused by 
a 400° F. preheat is more readily understood. A better 


Table 9—Per Cent Free Contraction Calculations 
0.30% C Steel, */is-In. Electrode, 180 Amp. 


es/In. 
35M 7M 
6010 6020 6010 
95 90 


60 60 

55 55 55 

X 45 

50 6X55 50 X50 
X 40 

7 X 40 X 50 X 50 X 50 

8 . x X 50 X 40 X 45 

Ave. % 
E 6020 55 55 
E 6010 50 50 


6020 6010 


+/,-In. Plate, 3-In. Weld— 
60M Joules/In. 
35M 47M 60M 


6020 6010 


6020 6010 6020 6010 6020 
90 ‘ 85 


53 vs 57 ‘3 57 


47 45 45 50 


Plate, 5-In. Weld: 


Joules/In. 
35M 47M 60M 


Electrode 6010 6020 6010 6020 6010 6020 6010 6020 6010 6020 6010 6020 6010 6020 6010 6020 
95 100 


) 


Joules/In. 


1 / «In . Rod 
80M 35M 47M 60M 


100 


1'/,-In. Plate, 5-In. 
Rod 
80M 


a 
f 
b 
I 
t 
; € 
d 
f 
s 
i! 
3 
ae Restraint, In. 
2 
4 65 65 60 60 60 60 X55 60 X55 
X 45 X 40 X47 
X55 
xX 40 xX 40 
55 X40 X 40 X 30 
52 X55 X45 X40 X40 X40 X47 
X43 X45 X40 X 35 X 35 
X 55 
X 60 X 60 
5 55 X45 55 X50 X45... 55 X45 
55 X45 .. X55 .. X52 X45 X55. 
6 55 X60 52 X48 60 682 X45 X45 X50... .. X55 X45 | 
age X 48 X 52 | 
X40 X45 X40 X45 X45 X47 X50 X47 X35 .. X45 X45 .. X40... | 
ve. % 
ms ete 830-s WELDING RESEARCH SUPPLEMENT SEPTEMBER 
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comprehension of preheating, then, awaits mostly ex- 
periments which will contribute quantitative data on its 
action. 

The plate composition affects weld cracks largely by 
the contribution it makes to the fused metal analysis 
from the dilution occurring in metal-arc welding. Where 
base metal cracks are a danger, its role is more direct. 
It has been shown that the proposed specimen and testing 
method will probably reveal the tendency to form base 
metal cracks. In general, the handling of plate composi- 
tion is not unlike that necessary in heat treatment.* 
Once the characteristics of the steel are known, it may be 
provided for. The development of lime type electrode 
coatings has aided greatly the handling of this problem. 

The electrode is of paramount importance in control- 
ling the cracking tendency. The coating and core rod 
exert a strong influence in determining the weld contour 
and composition. Nevertheless, once the properties of 
an electrode class, or at least a batch of that class, are 
determined, the role of the electrode takes rather definite 
form. There remain then only ‘“‘secondary”’ variations, 
such as moisture content and other impurities, to cause 
trouble! 


It is when the question of heat input is raised that one 
is confronted with the most serious complexity. For ex- 
ample, suppose a study is made in which only the speed 
of welding is varied. Within limits, the fused metal will 
change dimensions in width, thickness and shape. The 
amount of dilution by the base metal and the cool- 


ing rate in the weld will be altered as will the action 
of the first part of the weld on that deposited later. 
Now all of these changes do not affect the cracking 
tendency in the same direction. Much of the same is 
true for the welding current and arc voltage. Thus the 
effect of heat input is uncertain. Only where low heat 
inputs and therefore high cooling rates cause base metal 
hardening does the role of welding conditions become 
more understandable. 

From the preceding paragraphs it can be gathered that 
understanding and providing for all of these variables is a 
remote possibility. It is believed that the restraint 
specimen described here makes it practicable, however, to 
rate quantitatively steels or electrodes as to cracking 
sensitivity. In addition, a better understanding of the 
effects of preheating, of rate of energy input and the 
geometry of the groove can be established experiment- 
ally. 
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The Influence of the Melting Technique 
and Heat Treatment on Cracking 
and Resistance of Welded 


Sheet Steel 


Containing 


About 1 Per Cent Mn 


By W. Ejilender, H. Arend and I. Mircea* 


Note from the translator: 


While the attention of welding experts in this country was 
focused during the war primarily on low temperature brittle failures 
in heavy welded structures, in Germany the main problem ap- 
peared to be the high temperature cracking occurring near the 
weld in high-tensile sheet steel, about 0.04 in., used in the aircraft 
industry. Unlike the low temperature failures, these high tem- 
perature cracks were related very definitely to the chemical com- 
position of the steel, primarily to a high C content. The paper 
abstracted below, one of the latest on this problem, is significant 
because of the stand taken by the authors. It seems that in the 
endeavor to obtain higher tensile strengths the German metal- 
lurgists did not hesitate to take some risk of cracking, the question 
being then what type of treatment would produce the least 
amount of cracking for the same ultimate strength. It is with this 
reservation in mind that one must apparently view the somewhat 
puzzling recommendation made by the authors of this paper to use a 
coarse grain material as the best solution for cracking. 


* Abstracted by D. Rosenthal from Stahl u. Eisen, 63, 784 (Oct. 28, 1943). 


HE increase of resistance at the minimum expense 

of weight has brought about the use of high-carbon 

steel in the aircraft industry. But the welding of 
this type of steel, especially in the form of sheet about 
0.04 in. thick, resulted in crack formation near the weld. 
Several investigations were carried out on this problem.t 
It was found that residual stress, although promoting the 
initiation of the crack, was not the true cause of the 
cracking. The latter was caused primarily by the 
chemical composition of the material and its melting 
technique. In so far as the chemical composition was 
concerned, it was found that cracking was enhanced by 
higher contents of C, S, P and even Ni, but that the in- 
crease of Mn content was rather beneficial. Further- 
more, the following factors were believed to be of impor- 


t For detailed reference see the original paper. 
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Fig. 1—Influence of Carbon Content on Weld Cracking 
a and c¢, Plate thickness ration 1:1; b and d, Plate thickness 
I, superheated without Al; [I, superheated with Al; III, 
cold without Al; IV, cold with Al. 


Normalized 


Melting 
Cold 


Cold 


Cold 


C, 
0.15 
0.24 
0.28 
0.43 
0.16 
0.33 
0.35 
0.31 
0.16 
0.29 
0.27 
0.35 
0.38 
0.44 
0.25 
0.28 
0.33 
0.30 


Si, 
% 
0.37 
0.41 
0.34 
0.34 
0.31 
0.41 
0.38 
0.35 
0.30 
0.35 
0.23 
0.26 
0.35 
0.42 
0.24 
0.25 
0.27 
0.24 


* IL means with 0.1% Al. 


0.97 
0.92 


P, 
To 
0.037 


0.031 


0.041. 


0.057 
0.058 
0.059 
0.045 


Table 1—Composition and Austenitic Grain Size of the 
Steel Used 


S, 
0.025 
0.030 
0.023 
0.025 
0.020 
0.020 
0.035 
0.035 
0.025 
0.015 
0.015 
0.014 
0.017 
0.028 
0.028 
0.030 
0.022 
0.020 


III 7 


Heat Treated 


tance: the austenitic grain size, the temperature of 
melting, and the nature of heat treatment. 

In the present work the influence of the last-men- 
tioned three factors were studied as a function of the C 


Tensile Strength, 1000 psi 


20 


II, superheated with Al; 
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Weld Cracking, % 


Fig. 2—Relation Between Cracking Tendency and Tensile Strength of Welded-Sheet Steels 0.04-In. Thick 
I, superheated without Al; 


III, cold without Al; 


40 


IV, cold with Al. 
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843 I Cold 1.00 0.026 

60 heated 

850 I Super- 0.85 0.028 
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9171 Cold 1.05 
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Sap 0 |_| 40 60 0 20 | | 60 


= 


Table 2—Influence of the Rolling Direction on the Tend- 
ency of Cracking 


Weld Cracking, % 
Parallel Transverse 
N* Ht 


Austenitic 
Grain Size, 
A.S.T.M. 


0 
0 
7 
3 


17 
18 
28 
27 
10 
10 


* N, Normalized. 
+ H, Heat treated. 


content. To this end specimens 0.04 in. thick of various 
amounts of C, but having the same S and P content, were 
prepared from melts made in an induction furnace with a 
basic lining according to the data given in Table 1. The 
melts were either cold or superheated (in the latter case 
360-450° F. above the melting point), and their grain 
size was varied by adding 0.1% Al. 

The cracking test was made according to the Focke- 
Wulf technique by clamping two plates 2.8 x 2. 0 in. very 
close to the joint and welding with strips of base metal 
serving as welding rod. The joint was then investigated 
for cracks after complete cooling. The presence of cracks 
in the fractured specimen was easily detected because of 
the oxidation layer. The cumulated length of cracks 
referred to the length of the joint, was taken as the index 
of cracking in per cent. The test was made on plates of 
equal thickness and plates whose thickness was in the 
ratio of 1:5. This latter combination gives a more 
severe condition of cracking. The specimens were 
normalized and heat treated. The normalizing treat- 
ment consisted of a 2-hr. heating between the following 
temperatures: 1598 to 1634° F. for the heats 830, 834 
and 842, and 1562 to 1598° F. for the other heats. The 
specimens destined to be tested in the heat-treated state 


+ According to measurements by A. Antonioli and reported in Sich! u. Eisen 
62, p. 540 (1942) the cracking temperature lies between 1832 and 2462° F. 
(Note of translator.) 


were given the following treatment: quenching in water, 
tempering for '/, hour at 932° F. followed by air cooling. 

Specimens for testing were machined parallel and 
transverse to the direction of rolling, so that the influence 
of rolling direction on cracking tendency also could be 
investigated. 

The results of the cracking test are summarized in Fig. 
1, a, b,c and d, asa function of C content. It is seen that 
the cracking tendency begins at 0.25% C and increases 
with higher C content. The influence of the austenitic 
grain size and superheating becomes noticeable only 
above some 0.3% C. Larger grain size and superheating 
enhance the cracking susceptibility. The more severe 
cracking test with the ratio of plate thickness 1:5 gives 
essentially the same order of merit as the less severe 
cracking test with equal plate thickness, but the per cent 
of cracking is higher. In variance with previous tests 
made by the authors on low-alloy steels, heat treatment 
improves the cracking behavior so that the influence of 
this factor cannot be generalized. Table 2 shows that in 
the rolling direction the cracking tendency is greater than 
transverse to it (a view which was very much questioned 
in the discussion following the presentation of this 
paper.—Note of translator). 

An important factor not apparent in the above tests is 
the plate thickness. The heats 917 and 922 which ex- 
hibited a cracking of 10 to 30% in a thickness of plate 
equal to 0.04 in., failed to crack when the thickness was 
increased to 0.06 in. Thus the cracking tendency de- 
creases appreciably as the thickness increases. 

The above results would tend to prove that fine- 
grained heats, melted without superheating, were prefer- 
able from the point of view of cracking. But fine- 
grained material as a rule has a lower T.S. for the same C 
content, and the same is true for the cold-melted steel as 
compared to the superheated one. Therefore, if the 
cracking tendency is examined for equal T.S. the order 
of merit is reversed, Fig. 2. 

The authors investigated also the relation between the 
increase of hardness in the heat-affected area and the 
cracking tendency of steel, but found no significant 
correlation. 

The authors conclude on the basis of the foregoing re- 
sults that it would appear preferable to use a coarse- 
grained material for welding carbon-sheet steel with 1% 
Mn, if a minimum cracking tendency for the highest T.S. 
is to be achieved. 


EFFECTS OF MANUFACTURING METHODS OF SHEET METAL 
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TESTING TEMPERATURE (°C) 


perature and Yield Strength on V-Notch Charpy Impact Energy of a .045% Carbon 


Tem 
Steel Containing Chromium, Molybdenum, & Vanadium (Tempered Martensitic) 


Fig. 34—Effect of Testing 
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X-RAY DIFFRACTION CAMERA 


Availability of a new Micro X-ray Dif- 
fraction Camera which permits study of 
minute sections and the charting of 
changes over microscopic areas has been 
announced by North American Philips 
Company, Inc., 100 E. 42nd St., New 
York, N. Y. 

Embodying the most advanced ideas, 
this new product is especially useful in re- 
search laboratories, since it combines a 
number of unique features. Designed to 
fit the Norelco X-ray Diffraction unit, the 
camera comprises a substantial precision- 
machined body which is readily remov- 
able from its carriage for loading. Special 
features permit instantaneous removal 
and replacement without loss of align- 
ment. 

Two specimen holders are provided, one 
comprising a special positioning and 
tensioning device for fibers, narrow strips 
or similar objects. The other holder 
utilizes a flat plate insert to accommodate 
microtomed sections, etc. A special film 
cassette with beam stop is provided and a 
hose cunnection on the body permits gas 
filling or pressure reduction. 

Accessories include an additional smaller 
pinhole system, ring adaptor to be used 
on microscope when adjusting specimen 
in camera, extra spacing insert for film 
cassette adjusting wrenches and film 
punch. Camera and parts are packed in 
a special instrument box accompanied by 
operating instructions. 


1946 ANNUAL MEETING OF AMERICAN 
SOCIETY FOR TESTING MATERIALS 


The intensive activity during the 1946 

A.S.T.M. Annual Meeting held in Buffalo, 
‘ roughout the week beginning June 24, 

indicated the intensive interest in the 
Society’s rapidly expanding work on 
specifications and tests for materials 
and methods of evaluating assemblies 
of these materials in various forms. The 
total registration for the week was 1825, 
second highest for this annual event, ex- 
ceeded only by the 1944 Annual Meeting 
in New York where 2100 members and 
committee members attended. If the 
housing situation had not been so acute, 
and industrial problems not accentuated 
by reconversion problems, undoubtedly 
the meeting would have set a new record 
for attendance, as it did for technical activi- 
ties and accomplishments. 

The meeting was outstanding in many 
respects, notably in the quality and char- 
acter of the technical sessions. There were 
eight symposiums with technical papers 
ranging in number from four to fifteen 
covering a wide diversity of fields. The 
topics covered included: Symposiums on 
Bearings, Gas Turbine Materials, Fatigue, 
Spectroscopic Light Sources, Oil Procure- 
ment Practices, Testing Parts‘ and As- 
semblies, pH Measurements, Atmospheric 
Weathering of Corrosion-Resistant Steels 
and Freezing-and-Thawing Tests of Con- 
crete. 

In addition to these symposiums, there 
were other sessions devoted to effect of 
temperature on metals, cement and con- 
crete, plastics, nonferrous metals, bitumi- 
nous materials and others. 


There was very intensive activity in the 
over 200 committees meetings of technical 
committees with respect to new specifica- 
tions and tests. These groups were anxious 
that the standards in their province should 
be as up to date as possible for inclusion in 
the new 1946 Book of A.S.T.M. Standards 
which will be issued late this year. 

New officers are Arthur W. Carpenter, 
Manager of Testing Laboratories, The 
B. F. Goodrich Co., Akron, Ohio, who 
was elected President for 1946-1947, suc- 
ceeding J. R. Townsend, Materials Engi- 
neer, Bell Telephone Lab., Inc., New 
York, who continued on the Board of 
Directors as Past-President for three 
years; R. L. Templin, Assistant Director 
of Research and Chief Engineer of Tests, 
Aluminum Co. of America, New Kensing- 
ton, Pa., who is the new Vice-President to 
serve with Senior Vice-President T. A. 
Boyd, Head, Fuel Department, Research 
Laboratories Division, General Motors 
Corp., Detroit, Mich. 


GENERAL RULES FOR QUENCHING, 
TEMPERING AND AUSTEMPERING 


(Summary quoted from new booklet, 
“Suiting the Heat Treatment to the Job,” 
prepared by Research and Technology De- 
partment, Carnegie-Illinois Steel Corp., 
United States Steel Corp. Subsidiary.) 

1. The useful structures in hardened 
pieces are bainite and tempered marten- 
site. To obtain either of these structures, 
the piece is heated to secure adequate 
solution of carbides, and then quenched so 
rapidly that the formation of pearlite or 
upper bainite in the 1000° zone is avoided, 
bainite or martensite being formed then at 
lower temperatures. 

2. When quenching a specific size of 
piece, the avoidance of pearlite is made 
easier if its possible formation would re- 
quire more time. The slower rate of 
pearlite formation is obtained by adding 
alloys. If the piece is fully hardened 
(martensitic), the hardness is affected but 
little by the alloys, being governed almost 
exclusively by the carbon content. 

3. For a given size of piece, avoidance 
of pearlite or upper bainite is also aided 
by employing a greater severity of quench. 
This is obtained by avoiding excess scale 
on the piece, by employing the quenching 
liquids which generally show a greater 
severity of quench, and by agitating either 
the quenching liquid or the piece being 
quenched. It is well to remember that 
the old hand agitation during quenching 
was very effective, and it may be de- 
sirable to duplicate the results in modern 
mechanized equipment. 

4. When measuring toughness, re- 
member that the results are affected pro- 
foundly not only by the magnitude of the 
stress imposed, but also by its nature and 
direction, and consequently also by the 
shape of the piece. A laboratory test 
should always simulate a service test as 
closely as possible. 

5. Toughness in martensitic structures 


_is obtained by tempering the quenched 


piece. 

6. Bainite structures, obtained in 
austempering, are inherently tough and 
above 48 Rockwell C offer a combination 


WELDING RESEARCH SUPPLEMENT 


of strength and toughness superior even to 
tempered martensite. 


PHASE MICROSCOPE 


New Equipment which transforms an 
ordinary light microscope into an instry- 
ment that extends the range of human yi- 
sion far beyond the limits of present micro- 
scopes was announced by American Opti- 
cal Company’s Scientific Instrument Duyi- 
sion. 

Officials of the division, which is one of 
the manufacturing units of American 
Optical Co., Southbridge, Mass., said the 
new equipment, when added to a standard 
microscope, permits the observation and 
study of many living cells, tissues, micro- 
organisms and industrial materials so 
transparent that heretofore little or no de- 
tail could be seen in them. 

This fundamental advance in the use 
of the microscope is called phase micro- 
scopy and the converted instrument a 
phase microscope, the officials added. 

The new developments are reported by 
A. H. Bennett, research director of the 
division, Drs. Harold Osterberg, Helen 
Jupnik and Oscar W. Richards in the cur- 
rent issue of the Transactions of the A meri- 
can Microscopical Society. 

The new microscope equipment consists 
of newly developed light-controlling dif- 
fraction plates. Placed in an objective 
lens system, the plate makes detail visible 
within a specimen by increasing, reducing 
or reversing contrast in the image formed 
by the microscope. 

In the field of industry innumerable 
applications are possible. For instance; 
crystais otherwise barely visible can be 
seen. In reverse order, regions within 
certain substances can be made invisible, 
facilitating the discovery of impurities. 

Equipment required to transform a 
standard light microscope into a phase 
microscope consists of a diaphragm for 
controlling light concentrated on a speci- 
men and one of the new diffraction plates 
placed in the objective lens system. An 
auxiliary telescope used in place of the 
microscope eyepiece is helpful while 
centering the equipment. It is planned 
to make the equipment available fox sev- 
eral models of the company’s Spencer 
microscopes. 


Annual Meeting 
American Welding 
Society 
The Ambassador 


Atlantic City, N. J. 


Week of 
November 17, 1946 
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THE ENGINEERING FOUNDATION 


Welding Research Council 


Sponsored by the American Welding Society and American Institute of Electrical Engineers, 
American Institute of Mining and Metallurgical Engineers, American Society of Civil Engineers, 
and American Society of Mechanical Engineers 


————_ Supplement to the Journal of the American Welding Society, October, 1946 =< 


Pressure Gas Welding of 
Alloy Steel Tubing 


By J. L. Zambrow and R. D. Williams* 


Abstract 


This paper describes an investigation of the factors which control 
the quality of oxyacetylene pressure welded joints in thick-walled, 
high-strength, alloy steel tubing. All of the welding was done by 
the closed-joint method, in which the welding faces are in contact 
under pressure throughout the welding cycle. 

The first phase of the investigation involved the design and con- 
struction of the welding machine and auxiliary equipment. After 
these were functioning properly, various operation sequences, joint 
types, and protective coatings and atmospheres were investigated. 
In this way welding conditions were established that permitted the 
production of unreénforced joints which were equivalent in strength 
tothe parent metal, even when heat treated to high tensile strengths 
(150,000-190,000 psi.). In consistency, however, the welding 
technique was not entirely satisfactory for these high-strength levels 
and it would be fairer to state that the maximum consistent 
strength level established by this study would be of the order of 
150,000 psi. 

Inability consistently to produce joints equal in strength to the 
parent metal is attributed chiefly to an oxidized zone of weakness at 
the weld plane. However; when the severity of the test conditions 
is considered, these results obtained were very encouraging, and it 
is felt that, had more time been available, a method of effectively 
eliminating the oxidized zone might well have been developed. 

The results discussed in this paper indicated that strong joints 
equal or superior to those made by other common welding processes 
could be obtained; and when the advantages of relatively high- 
production speeds plus relatively low initial equipment cost were 
also considered, it became apparent that the process had consider- 
able promise. 


Introduction 


RESSURE gas welding is accomplished by heating 
the ends of two metal bars or shapes to a high (but 
not necessarily melting) temperature, and apply- 
ing a pressure which forces the heated faces of the bars 
together. This produces a flow of metal or upset in the 
heated region, which presumably disrupts any thin oxide 
films that may have existed on the faces of the work, and 
welds the faces. With this process, fusion of the metal 
is not required, and the joining together can take place 
while the metal is in the plastic state. The theory of the 
process is discussed by A. B. Kinzel in his 1945 Adams 
Lecture.* 

Descriptions of various forms of the pressure-welding 
process are given in United States patents issued as far 
back as 1876. However, technical discussions of the 
pressure gas-welding method for steel were not published 
to any great extent until a few years ago. 

Portability and compactness, low initial cost, speed of 
heating, and ease of control have been set forth as advan- 
tages of the oxyacetylene pressure-welding process. 


.* Scheduled for Twenty-Seventh Annual Meeting, A.W.S., Atlantic City, 
N. J., week of Nov. 17, 1946 . 

1 Welding Engineer and Assistant Supervisor, res tively, Welding 
Research Div., Battelle Memorial Institute, Columbus 1, Ohio. 


This: makes it particularly adaptable to the fabrication 
of heavy parts, such as rails and pipe lines, for which 
applications it is faster than hand welding. It was in 
these fields that the process was first put to extensive 
commercial use, and it is reported that thousands of rail 
and pipe joints have been placed in service successfully. 

The published technical information on pressure welds 
in alloy steels was meager at the time this research was 
initiated and, while considerable engineering data had 
been accumulated, they were available chiefly in private 
reports. Relatively little commercial pressure welding 
had been done with alloy steels, and consequently a 
record of the service performance of such parts had not 
yet become available. Within the past eight months, 
however, a group of papers by Proctor, Fine, Mack and 
Ozanick™ ™ 2%, 24 on the pressure welding of alloy steel 
tubing has been published. These cover investigations 
conducted in the Research Department of the Menasco 
Manufacturing Co. at Burbank, Calif., and the data pre- 
sented have added greatly to the information available 
on the applications and advantages of the pressure-weld- 
ing process. 

The advantages of this process were such that great 
interest was created in extending its scope. To do this, 
it was thought that a fundamental investigation of the 
factors influencing weld quality was needed, such as weld- 
ing methods (open and closed joint), types of burners, 
sequence of operations, and the effects of the welding 
variables (pressure, gas flow, rate of upset, temperature 
of weld, and oscillation of burners). This was considered 
of particular importance for applications which involved 
severe or critical service conditions, and the present in- 
vestigation was specifically directed to the production of 
joints heat treated to the higher strength levels. 

The OPRD authorized the Battelle Memorial Institute 
to conduct this work as WPB Research Project NRC- 
558, Contract WPB-177, April 1944. 


Equipment and Materials 
Welding Machine 


The first step in the investigation was the procurement 
of a welding machine. The machine was designed for 
research and was built to accommodate round bars or 
tubing up to 6 in. in diameter and 34 in. in length 
(welded). The installation included measuring and 
metering apparatus so all the factors involved could be 
closely controlled and recorded. 

The primary members of the welding machine are: 
(1) V-blocks for clamping and aligning the specimens, 
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(2) tie rods to transmit the reactions to the hydraulic 
pressure and to guide the movement of the V-blocks and 
the burner carriage, (3) motors and ring-burner carriage 
plates to provide longitudinal and circumferential oscil- 
lation of the flame, and (4) a hydraulic cylinder to provide 
the force for upsetting the weld. Because of the heat 
generated by the welding flame, the V-blocks, tie rods, 
and main carriage plate are water-cooled. 

The hydraulic system supplying the cylinder is de- 
signed for a maximum line pressure of 2000 psi. The 
effective piston area is 13.5 sq. in., giving a maximum 
force on the ram of 27,000 lb. The hydraulic system is 
designed to make it possible to operate the cylinder 
directly off the pump, or the oil may be drawn out of two 
parallel accumulators. The accumulator oil can be sent 
directly to the cylinder to give the maximum rate of 
upset, or it can be metered to give a slower rate. The 
hydraulic valves are of the solenoid type, and are con- 
trolled from a push-button panel. 

The oxygen and acetylene cutoff valves are also sole- 
noid controlled; there are two pairs of these valves, each 
pair serving one mixer and one-half of the circular ring 
burner. These valves have only two positions—on and 
off—and are controlled from the push-button panel or 
through an electrical timer circuit. The needle valves 
serving the ring burner mixers may be used for adjust- 
ment of the welding flame. 

A recorder was attached to the ram of the welding ma- 
chine to magnify and trace its movement. The records 
were used to plot the magnitude and rate of upset. Since 
only the movement of the ram was recorded, any change 
in length of the tubes resulting from thermal expansion 
or contraction was not recorded after the positive stop 
(used to obtain definite upset lengths) was reached. 

The machine is equipped with a ten-station synchro- 
nous motor-driven timer, so that the desired sequence of 
operations can be made entirely automatic. 

Figure 1 shows the pressure-welding machine, flow- 
meters and upset and temperature recorders. 


14° CIRCUMFERENTIAL 
OSCILLATION 


Fig. 1—Pressure-Welding Machine and Auxiliary Apparatus (Upset Recorder at Left, Temperature Recorder 
at Right and Flowmeters in Background) 
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Fig. 2—Single-Row Straight-Jet Ring Burner 
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Oxyacetylene Ring Burners 


The welding heat is supplied by the oxyacetylene 
flames discharged from ring burners. The burners are 
of the water-cooled,.split-ring type, and were designed 
for welding thick-walled tubing approximately 3 in. in 
diameter. 

The burner shown in Fig. 2 was designed for closed- 
joint welding, and has 48 evenly spaced orifices of No. 
73 drill size arranged in a plane perpendicular to the 
longitudinal axis of the burner. The flame jets are 
radial; that is, in the plane of the orifice circle. 

Another burner for 3-in. tubing, intended by the manu- 
facturer for use in open-joint welding, is shown in Fig. 
3. This burner has two sets of radial jets, in planes 
3/,, in. apart and perpendicular to the longitudinal axis. 
Each circle contains 52 evenly spaced orifices of No. 68 
drill size. The holes are drilled at 3° to the plane of the 
ring, so that the flames in each circle point slightly out- 
ward. 

The third burner (Fig. 4) was designed for open-joint 
welding, and has four circles of crossed jets. The No. 
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Fig. 3—Two-Row Straight-Jet Solid-Ring Burner 


58 orifices are drilled at 45° to the plane of the burner, so 
that the jets will impinge more directly on the surfaces to 
be welded. The gages for the single-row burner are 
mixed and then fed to the burner through flexible ar- 
mored tubing. The mixers are mounted directly on the 
two-row and crossed-jet burner. 

The single-row burner, as originally designed, had a 
maximum capacity of about 70 cu. ft. per hour of oxygen 
and 64 cu. ft..per hour of acetylene. To obtain an in- 
crease in gas flow, the orifices were enlarged, and the re- 
sultant maximum gas flow was about 140 cu. ft. per hour of 
oxygen and 130 cu. ft. per hour of acetylene. The modi- 
fied burner was used for most of the welding. 

The two-row burner was used on some of the later 
tests in which protective gases were introduced into the 
tubes to prevent oxidation of the welding faces. The 


capacity of this burner is 275 cu. ft. per hour of oxygen 


and 285 cu. ft. per hour of acetylene. 


Sketches of the 


ways in which the burners were used are shown in Fig. 15. 
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Fig. 4—Four-Row Crossed-Jet Burner 
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Fig. 5—Apparatus for Bend Test of Pressure-Welded Tubes 
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Gas Supply 


Oxygen and acetylene were supplied from multicylin. 
der manifolds. Their rates of flow were measured } 
means of rotameters. Both gas lifes had two rotame. 
ters, one a low-range instrument with a capacity of 1( to 
60 cu. ft. per hour, and the other a higher range meter 
with a capacity of 500 to 600 cu. ft. per hour. The lines 
were so arranged that the rotameters could be by-passed. 

From the rotameters, the gases passed through station 
pressure regulators and then to the solenoid cutoff valves 
in the pressure welding machine. 


Steel Tubing ; 


Most of the tests were made on 3'/j9-in. O.D. by *°/,9- 
in. wall thickness A4135 seamless steel tubing. Some 
tests were also made on 3%/,.-in. O.D. by 1°/30-in. wall 
thickness A4135 seamless stéel tubing from the same 
heat. The chemical analysis of the two lots of tubing is 


as follows: 
Heat 
No. O.D.,In. C Mn Pp Ss Si Cr Mo 
44827 3'/i6 0.365 0.82 0.019 0.023 0.28 0.96 0.19 
44827 37/16 0.360 0.82 0.019 0.023 .... 0.98 0.20 


The tubing was pierced from 3'/2-in. steel rounds at 
approximately 2250° F., given a subcritical anneal at ap- 
proximately 1350° F., and cold drawn to 3'/1 or 3°/\ 
in. diameter and a '*/g.-in. wall thickness in two passes, 
with another subcritical anneal between passes. It was 
Fig. 6—Typical Pressure-Welded : As-Welded and then given a final stress-relieving anneal at approxi- 


annette vans After Bend mately 900 to 1000° F. 
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500 <; Heat Treated; Nital Etch Beg 500 x; Heat Treated; Hall's Etch 


Fig. 7—The Same Area of a Pressure-Welded Joint, Heat Treated to 180,000—-190,000 

Psi. Ultimate Tensile Strength, Showing a ~ ee of Structural Coalescence 

Indicated by a Nital Etch, But a ~~ 2. — tion at the Weld Line Indicated by 


588-s WELDING RESEARCH SUPPLEMENT OCTOBER 


be 
ra 
tl 
c 
| 
© 3 
=H 
wy 


Bend Testing 


In early tests of the welded joints the external upset 
was removed to within 0.02 in. of the original diameter 
and the tubes were tested.in the as-welded condition. 
Conditions were soon established which enabled produc- 
tion of joints that would consistently pass the bend test. 

To increase the severity of the test, both the internal 
and external upsets were removed to within 0.02 in. of 
the ofiginal dimensions of the tube, and the specimens 
were then heat treated to approximately 190,000 psi. 
before testing. The discussions which follow deal almost 
entirely with tubes in this latter condition. 

The welded tubes were supported at the ends by means 
of internal mandrels pinned on a 40-in. span, and were 
loaded at the center section through a saddle spanning 
the weld joint. A load stressing the tube to approxi- 
mately the yield point was applied 12 times, with the tube 
rotated 90° between loads. If the tube did not fail dur- 
ing the preliminary loading, a final load was applied un- 
til the specimen either buckled in the tube at the saddle, 
or fractured in the weld joint or tube. Figure 5 shows 
the bend testing apparatus, and Fig. 6, a typical pres- 
sure-welded specimen before and after bend testing. 


Metallographic Inspection 


A metallographic inspection of sections of the joints 
was made in a study of the quality of the welds. Four 
criteria were used: (1) the amount of oxides on the weld 


500 x; Heat Treated; Hall’s Etch 
(Area Approximately in Center of Cross Section) 


Fig. 8—Section of a Pressure-Welded Joint, Heat Treated to 
180, 190,000 Psi. Ultimate Tensile Strength, Made with the 
Square Closed-Joint, Dual-Pressure Cycle, and With Hydrogen 
in the Tube to Prevent Weld-Line Oxidation 
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Fig. 9—Longitudinal and Circumferential Oscillation of Ring 
Burner 


line, (2) the size of the oxides, (3) the degree of micro- 
structural coalescence across the weld line, and (4) the 
extent of decarburization of the metal adjacent to the 
weld line. 

Sections were examined as-polished, etched with nital, 
and etched with a special etchant devised for the purpose 
of indicating the presence of weld-line oxidation.” It is 
believed that the etchant reveals a zone containing a high 
percentage of oxygen, but in which visible oxides have 
not yet been formed. The etchant attacks and stains 
the unoxidized portions of the specimen, while the oxi- 
dized zone is unattacked and is revealed as a white line. 

Metallographic inspection and bend tests indicated 
that, while heat treatment after welding might improve 
the quality of the joint (by eliminating the original heat 
effects, promoting microstructural .coalescence across 
the weld line, and diffusing carbon toward the weld line 
if decarburization had occurred during welding), it did 
not increase the strength of the weld so that the joint 
was always as strong as the parent tubes. Failures on 


_ the weld line, at less than 100% efficiency (machined 


tubes), were encountered in almost all the present series 
of heat-treated welds. 

Metallographic inspection showed that the white band 
along the weld line, brought out by special etching tech- 
niques and believed to be indicative of oxygen in solution 
in the metal, was present even after heat treatment. 
This white line is illustrated in Fig. 7. A weld, which 
would be considered satisfactory in this respect, is shown 
in Fig. 8. 


Magnaflux Testing 


Magnaflux inspection has proved a valuable nondes- 
tructive testing method for surface and subsurface de- 
fects in many steel parts. This method was, therefore, 
applied to the outer surfaces of the welded tubes in the 
belief that defective or weak welds would contain weld- 
line discontinuities, which would be revealed by the test. 
However, weld-line failures were repeatedly encountered 
during bend testing of tubes in which magnaflux inspec- 
tion had indicated no weld-line defects. This is believed 
to be attributable to the high magnetic permeability of 
the oxidized zone at the weld interface, coupled with its 
extreme narrowness and frequent discontinuity. 

Magnaflux inspection was, therefore, not applicable in 
determining the quality of the pressure welds. This has 
frequently been found to be true for flash-welded joints 
also. 
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UPSET CURVES FOR THE SERIES OF WELDS MADE WITH THE DUAL-PRESSURE CYCLE. 


fs. 


UPSET CURVES FOR A SERIES OF WELDS MADE WITH VARIOUS PRESSURES AND 0.25-!NCH 


FIGURE 


(REFER TO FIGURE 12 FOR TEMPERATURE CURVES). 


LONGITUDINAL OSCILLATION (REFER TO FIGURE 10 FOR TEMPERATURE CURVES) 


Experimental Work 


Welding Technique 

In all the closed-joint tests, the tubes were maintained 
under pressure throughout the welding cycle. After the 
specimens had been positioned in the machine, the pres- 
sure was applied and the circumferential oscillating mech- 
anism for the burner was started. When longitudinal 
oscillation was used in the beginning of the cycle, it too 
was started at this point. Figure 9 is an illustration of 
the circumferential and longitudinal oscillation. The 
gas flow was then started and the gases ignited by means 
of a pilot light. The flame was adjusted with the station 
regulators to a predetermined flowmeter reading. This 
adjustment had to be made on nearly every weld because 
the regulating apparatus was inconsistent. Only a few 
seconds were required to make the adjustment. Heat- 
ing was continued to the end of the welding cycle. 

In the early tests, completion of heating was controlled 
by the upset distance. A limit switch was set for a given 
upset distance which automatically shut off the gas when 
the desired upset was attained. The pressure and upset 
distance were thus integrated into the heating time. In 
later tests, a positive stop was used and the tubes were 
heated for a predetermined time. This was done be- 
cause various sequences of pressure and longitudinal 
oscillation were used which were not necessarily depend- 
ent on the upset distance. 


Weld-Zone Temperature 


To obtain good pressure welds in thick-walled alloy 
steel tubing, high end temperature at the inside of the 
weld section was necessary. It was relatively easy to 
obtain the desired temperature on the outside of the weld 
section, but an important requirement was to maintain 
a minimum heat gradient through the wall thickness. 

Constant-Pressure Cycle—For the constant-pressure 
cycle the pressure is maintained at a constant value 
throughout the heating period and upsetting occurs 
when the metal reaches a plastic state. When a prede- 
termined upset distance is reached the flame is automat- 
ically shut off. Figures 10 and 11 show typical temper- 
ature and upset curves for the constant pressure cycle. 

With this cycle two factors, excessive flaring of the 
joint and excessive melting of the external surface, lim- 
ited the temperature which could be obtained at the in- 
ternal surface of the tube. With a mild flame or longi- 
tudinal oscillation of the burner, the heated zone ex- 
tended a considerable distance from the weld line and 
caused excessive flaring at the joint. On the other hand, 
with an intense flame the rate of heating was increased 
and the plastic zone was narrower, but the external sur- 
face of the tube began to melt before the internal surface 
had reached the optimum welding temperature. 


FLARED PORTION 


Fig. 14—Flaring Caused by Wide Heated Zone 
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Fig. 15—Type of Burners and Joints Used in Closed-Joint Pres- 
sure Welding 


Several methods for increasing internal temperature 
without producing excessive external melting or joint 
flaring were investigated. These were: (1) dual-pres- 
sure cycle, (2) longitudinal oscillation, (3) external 
bevel (decreased wall thickness at joint), (4) longer time, 
and (5) greater gas flow. 

Dual-Pressure Cycle-—To obtain a higher end temper- 
ature at the weld joint, with neither flaring nor external 
melting, a dual-pressure cycle was tried. A relatively 
low pressure (400 to 2000 psi.) was maintained on the 


' tubes until the weld zone had become plastic, and the 


pressure was then increased (to about 6000 psi.) for only 
a few seconds, during which practically all the upset oc- 
curred. Figures 12 and 13 illustrate the temperature and 
upset curves for the dual-pressure cycle. The dual-pres- 
sure cycle was used with the single-row ring burner and 
a square joint. The upset was limited to '/,in. by means 
of astop. Owing to the low initial pressure, the interface 
was comparatively accessible to the flame gases and air in 
the tube, and as a result was considerably oxidized. No 
improvement in weld strength was obtained over similar 
welds made with the constant-pressure cycle. 

Additional dual-pressure welds were made with inter- 
mediate and high heat input, and with square and bev- 
eled joints. Again, metallographic examination indi- 
cated no improvement over comparable constant-pres- 
sure welds. However, the dual-pressure cycle, in con- 
junction with a protective atmosphere and the two-row 
ring burner, produced some of the strongest welds made 
during the entire investigation. 

Longitudinal Oscillation of Burner.—To offset the effect 
of inequalities in the circle of jets in the ring burner, all 
welds were made with the burner oscillating circumfer- 
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entially. Longitudinal oscillation,. varying in length, 
was also used to equalize heating at the joint, but its 
principal purpose was to obtain higher end temperatures 
at the interior of the joint without excessive melting on 
the outside. 


In the first tests, longitudinal oscillation was main- 
tained throughout the heating period. However, this 
caused a wide heated zone and undesirable flaring, as 
shown in Fig. 14, and the welds were thus less satisfac- 
tory than those made with circumferential oscillation 
only. 

Subsequently, a schedule was used in which the burner 
was not oscillated longitudinally until the external sur- 
faces of the tubes had approached the melting temper- 
ature. Longitudinal oscillation was then started, and 
continued for a relatively short period until a more nearly 
uniform temperature had been attained throughout the 
section. In this way, excessive melting at the outer 
surfaces and flaring of the tubes was avoided. 


A similar procedure was used in schedules where large 
upsets were required. In this case, however, longitudi- 
nal oscillation was begun at the start of upset. The 
undesirable flaring was thus eliminated. 


Pressure welds can be made without longitudinal oscil- 
lation of the burner; this depends on the size and thick- 
ness of the parts. However, in the present tests longi- 


Inside 


— 


tudinal oscillation was used to advantage to help minimize 
the heat gradient through the tube wall. 

Beveled Joints.—Another method used to induce more 
uniform heating through the tube wall and to reduce the 
external upset was beveling of the tube ends. External] 
and internal bevels, as illustrated in Fig. 15, were inves- 
tigated. Both bevels reduced the section through which 
the heat had to be conducted, and left a void which was 
filled by upsetting. 

The external bevel produced the desired results in so 
far as faster and more uniform heating of the tubes 
was concerned. Also, the volume of external upset was 
reduced, because the external bevel tended to direct initia] 
upset inward at the same time providing a space for the 
upset metal. However, the reduction in wall thickness at 
the joint led to extreme outbent fiber at final upset, as 
shown in Fig. 16. It was felt that this was detrimental to 
the strength of the joint in bending, because the direction 
of tensile stress was essentially normal to the flow lines. It 
was noticed that some of the bend failures in this series 
started along the outbent fiber rather than on the weld 
line. 

The internal bevel, used in conjunction with protective 
gases, produced some of the best welds made. A possi- 
ble additional benefit was that with the small bevel in- 
volved (2°), the outbent fiber was not so extreme as with 
the wide external bevel. 


Outside (Beveled Side) 


10 x; As-Welded; 
Hall's Etch 


100 x; As-Welded; Hall's Etch 
Section) 


(Area Approximately in Center of Cross 


Fig. 16—Cross Section of a Pressure-Welded 

Joint, in the As-Welded Condition, Made 

fi with the Closed-Joint, Constant-Pressure 

Cycle and with a '-In.-Wide Bevel; the 
Upset Distance Was 0.375 In. 
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Upset Distance 


It is believed that oxidation of the weld surfaces can 
take place during the heating cycle, even though the 
joint is machined square to insure good contact between 
the parts, because of warping or differential expansion 
during heating. Such oxidation, even if very slight, has 
a deleterious effect on the quality of the weld joint. Con- 
siderable work was done in an effort to eliminate or de- 
crease the oxidation by various methods (fluxes, metal 
plating, and inert and reducing gases), as described in a 
later section. 

However, it was felt that the effects of oxide films 
could also be reduced by mechanically disrupting their 
continuity. This was attempted by increasing the upset 
distance, thus increasing the wall thickness at the joint 
and spreading the original oxide film over the enlarged 
interface area. The strength of the joints increased with 
the upset distance. A practical limit was reached when 
the joint was weakened as a result of extreme outbent 
fibers. 


Protective Coatings and Gases 


Bend tests of pressure welds made in air indicated that 
increasing the upset distance improved the weld strength. 
As already mentioned, this may possibly have been 
caused by the disruption of the oxidized layer on the 
weld line. However, in every case metallographic exami- 
nation showed that some weld-line oxidation persisted. 
Various methods were tried to prevent the oxidation by 
fully protecting the faces to be welded during the heating 
operation, with metallic and nonmetallic coatings and 
oxygen-free atmospheres. 

Nonvolatile Coatings—The first protective medium 
tried was a thin film of nickel plate on both faces to be 
welded. The idea was that the nickel might afford ade- 
quate protection to the steel during the initial heating 
period (without itself oxidizing), and would subsequently 
diffuse into the steel during upset and the final heating 
period, However, all of these weld joints were relatively 
weak. Failure occurred on the weld line between the two 
nickel layers, and metallographic inspection of the weld 
sections showed that no appreciable diffusion of nickel 
into the steel had taken place. 

Borax and silver-brazing flux coatings were also used, 
but the welds were poor because a thin layer of flux was 
always trapped at the plane of the weld. 


Volatile Coatings.—Coatings of waxes and lacquers, 
either oxygen-free or with very low oxygen content, were 
also investigated with the thought that the faces to be 
welded would be protected from oxygen during the 
greater portion of the heating period, and that as the 
welding temperature was approached the coatings would 
volatilize, thus leaving no material to be trapped at the 
weld interface. With the coatings used this method has 
not been a success since metallographic inspection re- 
vealed considerable weld-line oxidation. The indica- 
tions were that the coatings volatilized at too low a tem- 
perature. 

Gases.—Since protective atmospheres have been used 
successfully in flash welding to improve weld quality, the 
technique was also tried for pressure welding. Helium, 
hydrogen, and nitrogen were used in these experiments. 
Figure 17 shows the two methods used for introducing 
the gas into the tubes. 

After the tubes had been clamped in position in the 
welding machine, the gas was blown through the tubes 
to purge them of air, and then, during heating, the gas 
was maintained in the tube at a low pressure, sufficient 
to force the gas past the welding faces as long as an open- 
ing existed. 


Gas 


STOP PLATE 


RAM PLATE GASKET 


am 
ExmausT 


VALVE 


Fig. 17—Methods of Introducing Gas Into Tubes During 
Pressure-Welding Operation 


GAS INLET GAS OUTLET 


The first welds were made with the gases taken directly 
from the cylinders. Metallographic examination of the 
joints revealed oxides on the weld line, and it was suspected 
that the gases may have contained slight amounts of 
moisture. Therefore, all subsequent tests were made 
with the gas dried, either by passing it through a calcium 
chloride drying tower or through a freezing tube and mag- 
nesium perchlorate. This seemed to improve the pro- 
tective action of the gas. 

Results of the later tests indicated that helium and hy- 
drogen were quite effective in improving weld quality. 
Hydrogen was only slightly more effective than helium; 
this suggests that its function, like that of helium, was 
in excluding air from the joint, and that little, if any, re- 
duction of oxides took place. 

The use of protective atmospheres of dried helium or 
hydrogen was the most effective method of improving 
weld quality developed during the investigation. How- 
ever, the gases did not completely eliminate weld-line 
oxidation, and the strength of the joints was not uniform. 
For example, the highest average modulus of rupture ob- 
tained was 284,000 psi., but the individual values ranged 
from 212,000 to 322,000 psi. 

Check Test of Closed Square-Joint Welds Made with 
Protective Gas.—A series of 20 square-joint welds was 
made with the dual-pressure cycle and with hydrogen in 
the tubes. The following conditions were used: 


Joint—Square, closed. 

Burner—Two-row (see Fig. 3). 

Circumferential oscillation—14°, 14 cycles per minute. 

Longitudinal oscillation-—None. 

Initial pressure—400 psi. 

Upset pressure—6000 psi. 

Upset distance—0.375 in. 

Time—92 sec. at 400 psi., 5-15 sec. at 6000 psi. 

Gas flow—Oxygen, 210 cu. ft. per hour; acetylene, 
203 cu. ft. per hour. 


The series of 20 was divided into four groups of five 
joints each and these groups were given the following 
heat treatments: 


Group 1—None. 

Group 2—Normalized to give 110,000 psi. ultimate 
tensile strength. 

Group 3—Quenched and drawn to give 150,000- 
160,000 psi. ultimate tensile strength. 
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Square Closed-Joint. 


© UNWELDED CONTROLS 
WELDED TuBES 


FAILED BY BUCKLING IN TUBE) 


> WELD-LINE FRACTURE (ALL OTHERS 


NO HEAT TREATMENT NORMAL IZED 


Weld- 


use as controls. 


QUENCHED &* DRAWN 
TO 160,000 P.S.1t. 
U.T.S. 


Fig. 18—Evaluation of the Strength of 16 Pressure-Welded Joints Made with the 
Dual-Pressure Cycle — _— Hydrogen in the Tube to Prevent 
ine idation 


Group 4—Quenched and drawn to give 180,000- 
190,000 psi. ultimate tensile strength. 


Two unwelded tubes were treated with each group for 


One welded specimen from each group was used for 


microstudy, and the remainder were tested in bending. 


AVERAGE MODULUS OF RUPTURE, 1000 P.S.I. 


Figure 18 is a summary of the results of this test. 


QUENCHED & DR 


TO 190,000 P.S.1t. 


U.T.S. 


Discussion of Results 


At the start of this investigation 
comparatively little was known 
about pressure welds in alloy steels, 
particularly regarding their strength 
and performance when all of the 
weld upset or reinforcement was 
removed and the weldment treated 
after welding. For some applica- 
tions, as in the aircraft industry, it 
is often desirable to remove all weld 
reinforcement, and it was to study 
joints in this condition that the 
tests described in this report were 
made. 

PJ After sufficient preliminary work 
had been done to indicate roughly 
the optimum welding conditions 
and settings for the size of tubing 
and type of oxyacetylene burners 
available, the experimental work 
was directed toward improving the 
weld quality by variations in the 
welding schedule and joint prepara- 


tion, and by protecting the welding faces from oxidation 


during the heating cycle. 


The various schedules used 


are summarized ‘in Table 1, and the results of bend 
tests on welded joints made according to those sched- 
ules are shown in Fig. 19. 

Perhaps the principal conclusion that can be drawn 
from this work is that it is considerably more difficult to 


300}-— A4135 STEEL TUBING 
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200/— AIR IN TUBE, SQUARE JOINT 
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3-1/36" AND 3-3/16° 0.0. X 13/32 W.T. 
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UPSET DISTANCEO.250 IN. IN ALL SCHEDULES EXCEPT B, C, F, J, AND K 
ALL TUBES HEAT TREATED TO APPROXIMATELY 190,000 P.S.!. U.T.S. 
}+—-- (MODULUS OF YIELDING FOR UNWELDED TUBE IS 330,000 ®.S.1. 
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SCHEDULE (SEE TABLE 1) 


Fig. 19—Average Strength of Closed-Joint Pressure Welds Made with Various Schedules 
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ESTIMATED STRENGTH, 1000 


Table 1—Summary of Bending Tests of Closed-Joint Pressure Welds* ° 
Upset Average Modulus 
Atmosphere Type of Distance, of Rupture, 
Schedule in Tubes Joint Pressure In. Psi.t 
A Air Square Dual 0.25 64,000 
B Air Square Dual 0.50 138,000 
Cc Air Beveled Constant 0.375 139,000 
D Air Square Constant 0.25 144,000 
E Helium Square Constant 0.25 151,000 
F Helium Beveled Constant 0.50 169,000 
G Nitrogen|| Square Constant 0.25 194,000 
H § Square t 0.25 200,000 
J Square Constant 0.50 216,000 
K Air Beveled Constant 0.50 217,000 
é Heliu Square Constant 0.25 240,000 
M Heliu Internal bevel Dual 0.25 256,000 
N Heliu Internal bevel Constant 0.25 269,000 
O Hydrogen] Square Dual 0.25 284,000 
* See also Fig. 1 


+ All tubes heat treated to approximately 190,000 psi. ultimate tensile strength. Modu.us of yielding for unwelded tube heat treated to 


190,000 psi. is about 330,000 psi. 
{ Gas passed directly from cylinder to tube. 


§ Gas dried in CaCl, drying tower before being introduced into the tube. 
| Gas dried by chilling with dry ice and passing through magnesium perchlorate before introduction into tube. 


attain 100% weld-joint efficiency in an alley steel part, 
from which all the weld reinforcement has been removed 
and which has been heat treated to high-strength levels 
after welding, than in a-plain-carbon steel or alloy steel 
part which is left with the weld upset intact. In the 
early tests, the weld reinforcement was not removed from 
the specimens, nor were the samples heat treated after 
welding, and it was not very long before welding se- 
quences were established which produced welds that were 
as strong in bending as the adjacent tube material. How- 
ever, when similar welded tubes were machined smooth 
on the outside and inside to remove the upset, and the 
tubes were heat treated to a high tensile strength, most 
of the specimens failed on the weld line when tested in 
bending. Some of the weld failures took place at very 
high loads, but in general the load required to produce 
failure on the weld line was less than that required to 
cause buckling of an unwelded tube. 

it is possible to make pressure welds which, if the 
strength and service requirements are not too severe, 
and some weld reinforcement is retained, will consistently 
be as strong as the stock. As the strength require- 
ments are increased, and as the weld reinforcement is re- 
duced or eliminated, it becomes appreciably more difficult 
to secure 100% joint efficiency. This situation is en- 
countered in other forms of welding, such as flash welding 
and are welding. Consequently, if the results reported 
here suggest difficulties in obtaining 100% efficiency 
under relatively severe conditions, it may be recalled 
that pressure welding is no different in this respect than 
other types of welding. | 

Numerous welding schedules were tried in an attempt 
to improve the quality of the welded joint so that it 
would have a unit strength equal to that of the parent 
tubes. Various combinations of upset pressure, rate of 
heating, duration of heating, oscillation of the ring 
burner, and amount of upset were tried. With some 
schedules strong welds were obtained, but it was still 
impossible consistently to produce 100% efficient joints. 
Explanations for this, such as poor gas pressure regula- 
tion, faulty burner design, erratic behavior of the hy- 
draulic pressure system and inadequate preparation or 
protection of the welding faces, were investigated but 
they appear to be inadequate. Welding schedules were 
used which almost certainly entailed adequate upsets, a 
high enough internal temperature, a long enough heating 


time, and careful preparation of the weldingfaces. Some 
difficulties were encountered in the regulation of the gas 
flow to the ring burners, and with the characteristics of 
the burners, but even these were believed to be under 
satisfactory control. 

The results point to one principal cause of inconsistent 
weld strength, namely, the presence of oxygen as oxides 
or in solution at the plane of the weld. The necessity of 
maintaining clean, unoxidized welding surfaces has been 
emphasized by many investigators, but the degree of 
“cleanliness” which is necessary to produce a 100% 
efficient joint in an alloy steel part with no reinforcement 
has not been clearly established. 

It is believed that the very thin oxide film present on 
the welding surfaces of two freshly machined or polished 
parts may not be an important factor. It is more likely 
that the harm comes from the oxides which form on the 
welding faces during the heating cycle, and from the oxy- 
gen and oxides which dissolve into the adjacent metal. 
Even if the welding faces are machined very accurately 
so that they fit together with virtually no clearance, it is 
quite probable that during the heating cycle sufficient 
differential expansion and warping takes place to open a 
crevice into which oxygen from the atmosphere, and oxy- 
gen and water vapor from the welding flame, enter. 

It has been suggested that the oxide film or particles on 
the weld plane will disappear if, during the welding cycle 
sufficient heat and time are provided to permit diffusion 
of oxygen back into the adjacent metal. While this may 
be true, the possibility exists that the oxygen absorbed by 
the metal may weaken the joint. The photomicrographs 
in this report show weld sections etched with Hall’s etch, 
a reagent, which, it is believed, brings out the presence of 
relatively large amounts of dissolved oxygen. These 
weld sections, when etched with nital or a similar reagent, 
show no sign of a weld line or band, and many show com- 
plete coalescence of the structure across the original 
plane of the weld faces. However, the same sections 
treated with Hall’s etch show a white line or band. It has 
been suggested by other investigators* that, when the 
welding technique is such as to eliminate the presence of 
this white band, a series of good welds will result; but if 
the white weld line is not eliminated, consistently satis- 
factory welds will not be obtained. 


* See Bibliography. 
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The experimental work in this investigation has not 
fully established the character or influence of this narrow 
band at the plane of the weld, but considerable work with 
protective atmospheres suggests strongly that the weld 
quality can be improved by preventing oxygen from en- 
tering the joint during the heating cycle. Since it was 
found difficult to produce consistently satisfactory welds 
by variations in the welding schedule alone (temperature, 
pressure, upset, etc.), attempts were made to protect the 
welding faces from the atmosphere and the flame by 
metal plating, films of flux, lacquer and other compounds, 
and by forcing an inert gas such as helium, or a reducing 
gas such as hydrogen, through the joint during the heat- 
ing cycle. The experiments with films and fluxes were 
not successful, but when protective gases were used, the 
strength of the welds was appreciably increased, although 
100% efficiency was not always attained (see Figs. 18 and 
19). This technique has been applied with some success 
in the related flash-welding method, and it is quite possi- 
ble that for the pressure welding of alloy steel joints, 
where top weld efficiencies are required, such protection 
of the welding faces during the heating cycle is desirable. 

However, there are other factors which need to be con- 
sidered in the establishment of a satisfactory pressure- 
welding schedule. One of the more important ones seems 
to be the amount of upset. Other things being equal, 
specimens which were welded with large upset distances 
were stronger than those with relatively short upset dis- 
tances. The reason for this probably is that a large upset 
more completely disrupts and thins out the oxide films or 
oxygen-bearing layers which are formed prior to upset. 

The magnitude and duration of temperature may also 
have a beneficial influence on weld quality. Weld 
strength was improved, though not consistently, when 
the joints were maintained at the maximum temperature 
for a short period after upset, or when the conditions were 
such that the interior of the tube walls attained a rela- 
tively high temperature. 

It was found during the course of these experiments 
that, to obtain consistent rates of heating and upset dur- 
ing a series of welds, it was necessary to exercise very 
careful control of the acetylene and oxygen flow to the 
ring burner. Early in the work, sensitive pressure regu- 
lators were installed to replace the standard pressure 
regulators originally purchased. This permitted main- 
tenance of more uniform pressure settings from weld to 
weld; but even with the new regulators fluctuations in 
gas flow were experienced, and it was difficult to main- 
tain constant welding conditions. 

Improvements in the design and operating character- 
istics of the ring burners used in pressure welding also 
seem necessary. This work showed the desirability of 
securing more equal gas flow through the jets in a given 
segment of the burner, and of adjusting the intensity of 
the flame over a wider range. 

From this discussion it is quite evident that, even 


though welding conditions were established which would 
give high-strength pressure welds with reasonable con. 
sistency, further experimental work is still required be- 
fore conditions can be determined which will premit abso. 
lutely consistent production of high-strength welds in 
alloy steel members that will subsequently be used in the 
heat-treated condition without reinforcement. 


Acknowledgments 


The authors wish to express their thanks to the Office 
of Production Research Development of the War Pro- 
duction Board and to Battelle Memorial Institute for per- 
mission to publish the information in this paper. The ad- 
vice and helpful criticism of Dr. S. L. Hoyt, Technical 
Adviser, C. B. Voldrich, Chief Welding Engineer, A. M. 
Hall, Research Engineer, and other members of the 
Battelle staff, was greatly appreciated. The assistance of 
LeRoy Harris, principal welder, during the investigation 
is also gratefully acknowledged. 


Bibliography 


1. Esser, H., “Pressure Weldability of Mild Steel,” Archiv Eisenhiittenw., 
4 (4), 199-206 (1930). 

2. Austin, C. R., and Jeffries, W. S., ‘Pressure Welding of Low-Carbon 
Steels with Theoretical Considerations,”” Am. Inst. Min. Tres. Eng., Tech. 


Publ. 451 (1932). 

3. Kinzel, A. B., “Solid Phase Welding,” Tue WeipiInc JourNAL, 23 
(12), 1124-1156 (1944). 
4 


1188 (seer A. H., “Oxyacetylene Pressure Welding,” Ibid., 23 (12), 1145- 
5. Keel, C. F., “Oxyacetylene Pressure Welding,” [bid., 22 (5), 212-235 


(1943). 

6. Adams, L., ‘Oxyacetylene Pressure Welding of Railroad Rails,” [bid., 
20 (11), 769-775 (1941). 

7. Reed, P., “Operation of Pressure-Welding Process,”’ Oil & Gas Jnl., 
41, 35-45 (Dec. 17, 1942). 

8. Forbes, A. L., “Pressure Welding of Pipe Lines,’’ Petroleum Ener ., 
14, 190a, 190b, 190e. (March 1943). 

9. Wood, W. G., “Pressure Welding of Heavy Tubing,” Jron Age, 152, 
56-58 (Sept. 23, 1943). 

10. Sterrett, Elton, “Pressure Welded Pipe Line,’”’ Welding Ener., 30, 
37-39 (Feb. 1945). 

11. Jones, E. P., “Pressure Welding Overland Pipe Lines,” Petroleum Engr., 
16, 214, 218, 220 (March 1945). 

12. Bg) ce Pressure Welding Has Wide Production Possibilities,” 
Machinery, 51, 1 187 (April 1945). 

13. awson, A. G., “Note on the Forge Welding of Silver,”’ Jnl. Inst. 
Metals, 71, 205-212 (April 1945). 

14. Wilson, J. B., “Recrystallization Welding cf Aluminum Alloys,” Trans. 
Inst. of Welding, 8, 48-49 (1945). (Contains 54 other references.) 

5. Tylecote, R. F., “Pressure Welding of Light Alloys Without Fusion,” 
Ibid., 8, 163-178 (Nov. 1945). 

16. “Continuous Welding of Rail,” Report of Committee 4-Rail, Bulletin 
458, American Railway Engineering Assn. 

17. Fine, L., Mack, C. H., and Ozanick, A. R., ‘Pressure Welding,” Metals 
Progress, 49, 350-355 (Feb. 1946). 

18. “Oxyacetylene Pressure Welding of Boiler Tubing,” Industry and Weld- 
ing, 18, 37-38, 89 (Nov. 1945). - 

19. Proctor, E. R., “The Application of Pressure Welding to the Manufac- 
Aircraft Landing Gear,” Wetpinc JourNna., 24 (11), 1011-1017 

1 

(Ont. nee Pressure Welding,’’ Machinery (London), 67, 365-370 

21. Jones, E. P., ““The Application of Pressure Welding to Overland Pipe 
Lines,” Tae WELDING JouRNAL, 25 (1), 27-31 (1946). 

Hermann, H., “Pressure Welding,’’ Metal Industry, 68, 143-147 (Feb. 


22. 
22, 1946). é 
23. Proctor, E. R.,““Uniwelding Aircraft Landing Gear,” Western Machinery 
and Steel World, 37, 62-65 (Feb. 1946). 
24. Proctor, B. R., ‘“‘Uniwelding Produces High Joint Efficiency,” Jron 
Age, 157, 46-51 (Mar. 7, 1946). - 
25. Hall, A. M., “A Metallographic Etchant for Distinguishing Oxidation 
in Iron Alloys,” Metal Progress, 50 (1) 92-96 (July 1946). 


7 
Ta 
28 
i, 
4 
| 
| 
4 
" 
/ 
ay. 
e 
BER 
§96-s WELDING RESEARCH SUPPLEMENT OCTO 
i 


Investigation of the Weldability of 
Copper-Bearing Steels 


By N. H. Keyser' and C. H. Lorig' 


A REVIEW OF THE LITERATURE 


Introduction 


HE old, widely prevailing view that copper steels 
could not be welded because of red shortness and 


hot cracking has been disproved by many in- 
vestigators in recent years, and copper is no longer con- 
sidered as a trouble maker in the welding of copper-bear- 
ing steels. 

The weldability of numerous copper steels or complex 
steels containing copper is dealt with individually in the 
literature. However, only a few authors have consid- 
ered the comparative rank of copper with other alloying 
elements, either on a weight or equal-strength basis. 
In no instance have small percentages of copper (0.2 to 
0.3%) been shown to have any effect on weldability. 
It would be expected that copper up to 0.5% should have 
negligible effect on the weldability of cast steel, in view 
of the’ work of Greenidge, Udy and Grube,' who have 
shown that copper up to this amount has very little 
influence on hardenability, precipitation hardening and 
mechanical properties of cast steels. 

There seems to be agreement among the various ob- 
servers that copper is permissible in steel in amounts up 
to .8 to 1.0% without introducing difficulties in welding. 
There is a little more uncertainty about the welding 
steels containing more than 1.0% copper, in spite of 
numerous reports indicating good weldability of steels 
containing up to 2% copper. 

Remarks concerning increased amount of slag during 
the welding of copper-bearing steels and a greater ten- 
dency for undercutting indicate that difficulties encount- 
ered in the arc welding of steels containing 1 to 2% cop- 
per may be a matter of slightly different requirements in 
welding technique. This is not surprising because 
of the slightly lower melting point and the greater fluid- 
ity of molten metal containing copper. 

Steels containing up to 3% copper have been gas 
welded without difficulty. With proper flame control, 
Satisfactory gas welds have been produced in steels con- 
taining up to 10% copper.? Red shortness is not feared 
when excessive oxidation is prevented. Loss of ductility 
from precipitation hardening in the heat-affected zone is 
not generally feared in steels of any copper content, but 
under the conditions of multilayer welding may possibly 
the effect is pronounced and the effect is slight at tem- 


* Scheduled for entte Seventh Annual Meeting, A.W.S., Atlantic City, 
Ne week of Nov. 17, 1946. 
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require special consideration. An hour or so is required 
to produce maximum hardness at temperatures where 
peratures where precipitation is rapid. Precipitation 
hardening which occurs during the usual stress-relief 
treatments may often be used to advantage. 

Based on results obtained in bead-hardness tests, 
Edson* has suggested the following correlation between 
the maximum weld heat-affected zone hardness and the 
composition of the steel: logy) Vickers hardness = 1.957 
+ 1.141 X % carbon + 0.193 K % Mn + 0.086 X 
% Ni+ 0.160 X % Cr + 0.363 XK % Mo + 0.180 KX %V 
+ 0.030 X % Cu, with the following limits of composi- 
tion; 0.50% C, 1.75% Mn, 0.40% Si, 3.75% Ni, 1.25% 
Cr, 0.40% Mo, 0.30% V, 2.0% Cu, 0.05 Al. 

The favorable position that copper occupies can be 
seen. 

Ziegler and Meinhart‘ developed a copper-bearing 
cast molybdenum steel (0.1% C, max., 1.0% C, Cu, 0.5% 
Mo), which gave the mechanical properties required 
of the usual carbon-molybdenum cast steels (0.25% C, 
0.5% Mo), and which, they concluded, based on hard- 
ness surveys across welded joints, was more satisfactory 
for welding than the conventional carbon-molybdenum 
steel. 

A few copper-bearing steels, all of which contained 
nickel, were among the series of steels tested by Ellinger, 
Bissell and Williams.’ They concluded that steels con- 
taining copper in amounts of 1% or more had consistently 
good weldability. In fact, a 1% Ni-2% Cu steel con- 
taining a normal phosphorus content had the highest 
welding qualities of the steels tested. 

Very little information is available on the oxygen 
cutting of copper-bearing steels. Presumably, cracking 
and hardening of the flame-cut surface is a function of 
the hardenability. Several copper-bearing steels on the 
market can be flame cut without subsequent annealing 
before putting them in service. Copper does not yield 
troublesome oxides in flame cutting. 

One of the principal difficulties encountered in weld- 
ing of carbon and low-alloy steels is brittleness in the 
metal adjacent to the weld, and the formation of base- 
metal cracks in this weld heat-affected zone. Such 
brittleness and cracking is associated with a tendency of 
the base metal toward hardening under the influence of 
the welding thermal cycle, although’ the factors of hy- 
drogen embrittlement and welding stresses are also 
important. 

It has been ptoposed that copper be used in place of 
carbon to confer the strength necessary to meet various 
base-metal specifications. It would be expected that 
weldability may be improved by this substitution, since 
copper steels of equal strength have a lower harden- 
ability than carbon or alloy steels such as those con- 


597-s 


d 
l- 
n 
le : 
a 
ie 
of 
1 
h. 
3 
35 
2, 
0, 
st. 
in 
ls 
d- 
c- 
17 
70 
De 
ry 
nm 
R 


taining manganese, chromium, molybdenum and other 
elements. 
Because of the practical importance of this problem 
to the welding industry and the meagerness of available 
data, this investigation was undertaken to determine 
the welding characteristics of a series of wrought and 
cast steels in which comparisons were made between 
carbon steel and alloy steels containing copper as a sub- 
stitution or addition agent. 


EXPERIMENTAL WORK 


Weldability has been defined as “The ability of a 
steel to be fabricated with a particular welding proced- 
ure without the production of hard or brittlé zones in the 
welded joint, which would tend to cause cracks during 
welding or failure under service loading.’”” The program 
was designed to study the weldability of copper-bearing 
steels in conformity with the tests suggested by this 
definition. Tensile properties, ductility, hardness and 
toughness of metal arc-welded joints in a series of copper- 
bearing and copper-free low-alloy wrought and cast 
steels were determined. 


Preparation of Steels and Compositions Studied 


Wrought Steels 


Ten steels (Table 1) were selected for studies of the 
influence of copper in the welding of low-alloy wrought 
structural steels. Selection was made to permit com- 
parison of the influence of copper with that of manganese 
and phosphorus, as well as carbon. Commercial com- 
positions, in which copper is the principal alloying ele- 
ment, were kept in mind for practical purposes, though 
copper contents were placed in the upper limits con- 
sidered practical in commercial practice. 


Table 1—Chemical Composition of Wrought Steel 
Plates Used for Weldability Studies 


Heat __Composition, % 

No. c Mn Si Ni Cu  Al(Added) 
A-204 0.29 0.19 0.025 0.013 (0.02) (0.05)  2#/ton 
A~206 Q.11l 0.46 0.15 (0.02)) 0.017 0.55 1.03 2#/ton 
A-207 O.1l 0.16 (0.025) 0,015 1,02 2.0)  2%/ton 
A-209 0.09 OWS 0.15 (0.02) 0.108 (0.02) (0.05)  2#/ton 
A-211 0.30 1.28 0.21 (0.02) 0.022 (0,02) (0.05)  2#/ton 
A-212 0.11 1,28 0.19 (0.02h) 0.023 (0.02) (0.05)  2#/ton 
A-213 0.11 1.21 0.17 (0.02)) 0.021 (0.02) 1.02 2#/ton 


Parenthesis are residuals in melting stock not analyzed. 


All of the wrought steels were prepared in a 200-lb. 
induction furnace, and were deoxidized with 2 lb. of 
aluminum per ton before teeming into four, 50-lb. ingots 
of each composition. 

With the exception of copper-bearing steels not con- 
taining nickel, the ingots were forged and upset to 10-in. 
long x 1'/2-in. thick x 7-in. wide plates, at an initial 
forging temperature of 2100° F. The hickel-free, cop- 
per-bearing steels were processed at 1900° F. All plates 
were cross rolled to a 10 in. width, and then rolled to 0.55 
in. thick at a temperature of 1900° F. To insure uni- 
form finishing temperatures throughout, the plates were 
reheated to 1700° F. and finished to 0.50 in. in one pass. 
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The rolled plates were flame cut to appropriate lengths 
for weldability tests in such a manner that testing would 
be conducted in the principal direction of rolling. ()j- 
rectionality, which may be of considerable importance, 
in commercially straight-away rolled-steel plate, was 
reduced considerably by the degree of cross rolling of 
these samples.) The beveled joint was prepared at the 


same time. The flame-cut joints were grit blasted be- 
fore welding. 

Table 2—Chemical Composition of Cast Steel Plates 

Used for Weldability Studies 
Composition, % 

Heat Al Fe-Ti 

No. C Mn Si $s P Ni Cu (Added) (Added) 
0630 0.75 0.30 0.032 0.033 (0.02) (0.05) 2#/ton 

4-312. 0620 0.73 0.37 0.032 0.034 (0,02) (0.05) 2#/ton 

A-313 0619 0.72 0.38 (0.03) 0.035 (0.02) 1.02 2#/ton 

A-393 0623-0471 «0.028 0,029 (0,02) 2.02 2#/ton 

A-315 0430 0.39 0.027 0.037 (0.02) 0.05 S#/ton 
«019 0.39 0.029 0.039 (0,02) 1.05 5#/ton 
0.40 0,021 (0,02) 2.02 5#/ton 


Cast steel melts were prepared in a 300-1b. induction furnace, 
Parenthesis are residuals in melting stock not analyzed. 


Cast Steels 


Two base compositions, with variations in carbon and 
copper content, were selected for studies of cast-steel 
compositions (Table 2). The first was the normal car- 
bon-steel base known as Grade “B’’ cast steel. The 
second was a high-tensile steel of the manganese-titanium 
class. The former was deoxidized with 2 lb. of alumi- 
num per ton of steel, and the latter with 5 Ib. of high- 
carbon ferrotitanium per ton. The heats were cast 
into green-sand molds, as pairs of 6- x 12- x */,-in. plates, 
which made 12-in. long plates when welded together. 
The plates were cast upright and fed through the bottom 
with blind risers. . 

Beveled joints for welding were prepared by flame 
cutting prior to heat treatment. Cast plates were nor- 
malized at 1600° F. for 0.8% carbon, and 1650° F. for 
0.2% carbon steels. All plates were given a 1100° F. 
draw for one hour, and air cooled from the draw. 


Conditions of Tests 


Wrought Plates —The base metal was tested as-rolled. 
Welded joints were tested as-welded and after a stress 
relief of 1000° F. for one hour. 

Cast Plates —Base metal was tested in the normalized 
and drawn condition. Welded joints were tested as- 
welded and after a stress-relief treatment of 1000° F. for 
one hour. 


Welding 


Weldability tests were patterned after the AMERICAN 
WELDING Society’s process-approval tests, with modi- 
fications and additions to give a more complete picture 
of the effect of the welding process on the base metal. 
An all-position shielded-arc type of electrode was used 
which conformed to the A.W.S.-A.S.T.M. specification 
E-7010, designed and commonly used for fabrication of 
low-alloy, high-tensile steels under 0.30% carbon. 

The following properties for all-weld-metal specimens 
of the electrode brand selected were given by the manu- 
facturer : 


As-Welded: 
Tensile strength.............. 77,000 to 82,000 psi. 
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Elongation in 2-in 


20 to 24% 
Izod notched-bar resistance.... 


30 to 70 ft.-lb. 
Stress Relieved: 
Tensile strength.............. 
Yield point 
Elongation in 2 in 


75,000 to 80,000 psi. 
59,000 to 65,000 psi. 


The actual characteristics, however, depend on the com- 
position of the steel being welded, and upon the amount 
of admixture with the base metal. 

Welded plate sizes for the wrought plates were 10 in. 
wide x 12 in. long x '/2 in. thick, with a welded butt joint 
across the middle. Welded plates of the cast steels were 


12 x 12 x */, in. thick. Joint preparation and welding 
sequence were as indicated in Figs. 1 and 2. Welding 


was done in the flat position. All '/:-in. wrought plates 
were preheated to 95° F. before deposition of the root 
pass, and were allowed to cool to 95° F. after each pass 
before applying the next pass. The */,-in. cast plates 
were preheated to 200° F. before welding, and were al- 
lowed to cool to 200° F. after each pass. 

A d.-c. motor-generator welding machine was used. 
For the */,-in. electrodes, the welding current was about 
160-170 amp. and 24-26 v. (electrode positive), for 
both cast and wrought plates. For the '/,-in. electrodes, 
the current was about 220-250 amp. at 30-35 v. for the 
‘/;-in. wrought steel plates, and 260-280 amp. at 30-35 v. 
for the */,-in. cast steel plates (electrode positive). 

All beads were cleaned and given a light peening be- 
fore each subsequent pass. A single electrode was used 
for each pass, except the crown pass which required 2 
electrodes. The portion of the weld where the second 
electrode was started was avoided in the subsequent 
strength tests. 


Test Specimens and Testing Procedure 


Tensile Tests—Tension-test specimens were similar 
to the A.W.S. reduced-section plate specimen, except 
that a 3-in. reduced section was used in order to include a 
greater length of the parent metal than required on the 
A.W.S. specimen. The reduced section was machined all 
around with cross sections of 1!/2 x 0.44 in. on the !/2-in.- 
rolled plates, and 1'/, x 5/s in. on the */,-in. cast plates. 
Yield strength was measured by the divider-offset 
method: Several 2-in. gage marks were applied to the 
tensile bar before testing. Percentage elongation was 
measured on the set of marks straddling the fracture. 
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Fig. 1 (Left)—Welding Sequence on */-In. Wrought Steel Plates 


REMARKS ON FIGURES | AND 2. 

FIGURE I 2 
Thickness Ye in. Ya in. 
Root Opening Ye in. Y% in. 
included Angle 60° 40° 
*fe-in. Electrode on Posses 1, 7-9 incl. 12-14 incl. 
Ya-in. Electrode on Passes 2-6 incl. 
Straight Passes 1 -8 incl. 
Weove Posses 
Joint Preparation Flame Cut ond Grit Blost 


Fig. 2 (Left)—Welding Sequence on */,-In. Cast Steel Plates 


Free-Bend Tests.—Free-bend test bars were 10 x */, x 
7/..in. for rolled plates, and 12 x 1'/s x °/s in. for the cast 
plates. Gage marks were applied on the widest face of 
the weld '/i5 in. from each junction, and a 2-in. gage 
length was applied straddling the weld to measure the 
elongation of the weld and the joint at the point of failure. 
Testing was conducted in accordance with the recommen- 
dations of the A.W.S., the load being immediately re- 
moved when a crack or defect exceeding '/1, in. appeared 
on the convex surface of the weld. 

Notched-bar impact resistance was measured on stand- 
ard keyhole-notched Charpy bars, notched parallel to 
the surface of the plate. The position of the notch with 
respect to the weld is indicated in Fig. 3. Base-metal 


NOTCH IN FUSION ZONE 


NOTCH IN WELD METAL 


Fig. 3—Diagram Showing Position of Charpy Impact Bars with 
Respect to the Weld in '/,-In. Wrought Steel Plates 
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Charpy-bar properties of cast plates were determined on 
Charpy bars, taken as near to the surface of the plate as 
possible in order to avoid any center line weakness in the 
base of the notch. Notches in the rolled plates were 
made normal to the principal direction of rolling and 
parallel to the surface of the plate. 

Hardness Surveys.—Cross sections of the various weld 
were examined for hardness distribution across the weld. 
Three rows of Vickers hardness readings were made, one 
along the center line and the others equidistant between 
the center and plate surfaces. Hardness readings were 
taken every ‘/,, in. in the row. The same specimens 
were etched in 10% ammonium persulphate to indicate 
the position of the fusion zone and heat-affected zone 
with respect to the hardness readings. 

Bead Hardness and Underbead Cracking Tests —The 
bead hardness and underbead cracking tests were com- 
bined. The test conditions were generally as called for 
by the A.W.S. tentative bead hardness test recommen- 
dations. 


Test coupons: 
4x6x'/,in. for wrought plates, and 4 x 6 x */, in. 
for cast plates 

Welding: 

Bead, 3 in. at 5in. per minute (Fig. 4) 

Electrode, */15 in. Class E6010. 

Current, 185 amp., d. c., electrode positive 

Voltage, 25 arc volts 

Temperature at start of weld, —20° F. 
Testing: 

Sectioning, at midsection 

Magnaflux, all test sections magnafluxed 

Macroscopic examination: examination at 10 X for 
underbead cracks 

Hardness survey: test coupons of all specimens were 
surveyed for maximum underbead hardness on the 
Vickers machine, using a 10-kg. load for 30 sec. 
Position of readings indicated in Fig. 4 


TEST THIS FACE 


T = '/2” FOR WROUGHT PLATES, 
*/<” FOR CAST PLATES. 


1.0.15" O'S” 
i 


0 KG. VICKERS 
| inpentaTions 
SPACED AT 0.03" 


Fig. 4—Weld Bead Hardness and Underbead Cracking Test, 
Top, Test Coupon, Bottom, Position of Hardness Readings 


Radiographic Examination.—Representative cast-steel 
plates were X-rayed to ascertain that center line shrink- 
age was less than 2% of the thickness. The edges of 
the plates which were to take the weld were found to be 
radiographically sound in all cases. All cast plates cut 
up for measuring base-metal properties were X-rayed, 
so that the soundest metal could be picked out for tests. 

Welds were periodically checked for soundness, and 
all doubtful cases were checked. It was found that all 
welds were within the Navy specifications 46E3 (Int.) for 
soundness. 


Table 3—Tensile Properties of Welded Plates 


1/2"-Thiok Wrought Steer Pistes 
Par led c soint Yel Joint 5t Relieved 
Tensile Tield ongation, Tensile Yield Elongation, ensile ielé Elongation, 
Heat Komi ition Strength, Strength, Per Cent in Strength, Strength, Per Cent in Strength, Strength, Per Cent ir 
Mn p.s.4. p.s8.1. 2 in. p.e.1. p.s.i. 2 in, p.s.1. 2 in. 
a-20h4 0.3 0.5 Tl, 45,600 4b,6 74,800 +300 26.7 74,000 49,100 27-5 
0.1 0.5 58,000 34.0 56,500 300 3. 
a&206 0.1 0.5 1.0 0.5 +500. +600 $9,300 51,100 20-3 &0,900°° 64,500 17.2 
a-207 0.1 0.5 2.0 1.0 77,500 65,600 64, 300% + 62,000 14.0 #9,000°° 68, 200 15.5 
&208 0.1 0.5 1,0 63,000 48,200 47.8 7 300 TOO 30.6 20.2 
&209 0.1 0.5 0.2 62,000 39,900 43.6 65,000 44, 300 33-1 +100 600 35.3 
0.1 0.5 O21 1.0 0.5 72,800 56, 300 75,500 56, 700 27.6 83,200°° 60,900 16.8 
0.3 1.3 87,500 37.3 »200+* 56,500 17.5 £1, 400°" 18,1 
0.1 1.3 65,000 7 200 6 51,000 30.7 66,800 2,500 35.7 
0,1 1.3 1.0 77, 300 62,600 3.2 74, 55 500 35.3 #2,000°° 60,000 21.2 
Thick Cast Steel Pistes 
7 t - ¥ J - 
‘ensile a ongation, sile Tielé ongation, ensile iel ongation, 
Heat it Strength, Strength, Per Cent in Strength, Strength, Per Cent in Strength, Strength, Per Cent in 
Yomber ser p.s.1. 2 in. p. 8.4. p.@.1. 2 in, p.8.4, p.6.4. 2 in 
0.3 0.7 al [3-200 47,800 21.7 ug, 800 19.1 76, +200 17.3 
&312 0,2 0.7 a 43,900 29.5 70, 47,800 ue 000 30.6 
0.2 0.7: 2.0 a 68 ,200 13.0 83, 000°" 71,000 14.8 85 ,000%* 69,000 16.3 
a393 «0.2 0.7 2.0 a 97,600 88, 500°° 67,000 15.9 88, £00°° 61,800 18.2 
0.3 1.5 ™ 92,800 +500 5 64, 57,200 16,6 86,500°° 61,100 15.8 
a&316 0.2 1.5 v1 76,500 52,600 48.3 78, 300° 51,600 30.6 76,500 2,800 37.0 
9.2 1.5 1.0 91,600 73,800 25.7 87 ,500°* 66, 300 16.6 85, 16.3 
a 318 0.2 1.5 2. 100,000 71,100 10.5 87, 700%° 67,800 14.7 62,800 14,8 


Note: All tensile tests conducted in duplicate. Unless indicated by * or f¢, fracture occurred in parent metal, * Fracture in weld, * for one bar, ** for both bars 
t Failure began at defect at weld junction at root of weld. 
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Yield Strength ond Tensile Strength—1000 PSI 


Elongation — Per Cent 


10 BHLN. 


Brinell — 


x * Tensile Strength 
Bose Properties 


Yield Strength 


——-——— Welded Joint- As Welded 


* Elongation +* Brineli Hordness 
——— Welded Joint— Stress Relieved 


0300 10 20 30 0 


Copper plus Nickel — 
(Rotio 2:1) Per Cent 


CARBON _STEEL__ BASE 


0.10 020 030 0 10 10 20 
Carbon — Copper — 
Per Cent Per Cent 


Copper plus Nickel— 
(Rotio 21) Per Cent 


13 MANGANESE STEELS O! PHOSPHORUS STEEL 


Fig. 5—Influence of Chemistry on Mechanical Properties of Welded Joints and Base Plates of Wrought Steels 


Results and Discussion 


Tension Tests 


The data collected in the tension tests on welded joints, 
in the '/-in. rolled plates and the */,-in. cast plates, are 
given in Table 3. The tension data are plotted against 
chemistry of the base steels in Fig. 5 for the '/s-in. 
wrought plates of all compositions, and in Figs. 6 and 7 
for the */,-in. cast plates of the carbon steel and mangan- 
ese-titanium steel base, respectively. 

With the exception of the three tensile bars noted in 
Table 3, all fractures in tension occurred in either the 
weld or the parent metal, depending on the relative 
strength of the two metals. In the three bars in which 
iracture occurred or began at the weld junction, failure 
may be attributed to welding defects—either poor fusion 
or slag. No fractures were observed in the heat-affected 
zone, 

In general, in all instances where fracture occurred at 
loads less than those given for the weld metal by the 
manufacturer of the electrode, failure occurred in the 
parent metal, and conversely, based metals stronger 
than the weld caused fracture in the weld. 

In the case of the higher strength copper-bearing steels 
in which weld failure occurred, the strength of the joint is 


indicative of enough strengthening of the weld by admix- 


ture of the parent metal to produce ultimate strengths 


approaching those that would be expected in the base 
metal. The yield strength generally was not increased 
to the same degree. 

The elongation values for the welded joints are con- 
sistently below those of the parent metal. This arises 
from the fact that a weld produces a:nonhomogeneous 
test piece. Elongation values are highest in cases where 
the weld metal more nearly matches the base metal in 
properties. 

With the exception of copper-bearing wrought steels 
which underwent considerable precipitation hardening 
at 1000° F., a slight improvement in ductility at the ex- 
pense of the yield and ultimate strengths was effected by 
the stress-relief treatment. The welded joints in 
wrought copper-bearing steels behaved after stress re- 
lieving as would be expected from the hardening which 
results from precipitation. In most cases, this strength- 
ening of the base metal was sufficient to cause failure in 
the weld. If stress relieving after welding is contem- 
plated in such steels, due allowance must be made in 
design for this precipitation-hardening phenomenon. 

The cast steels given a draw treatment at 1100° F. sub- 
sequent to normalizing and prior to welding do not show 
further precipitation hardening when stress relieved at 
1000° F. after welding. 

Though copper steels have definite advantages in 
welding, as will be shown later, it appears that, with the 
welding design and technique used, the tensile properties 
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Fig. 6—Mechanical Properties of Welded and Unwelded Plain- 
r Cast Steels; Normalized and Drawn 
r to Welding 


Tensile Strength, 1000 PS.I. 


Yield Strength, 1000 PSI. 


Elongation—Per Cent 


Welded Stress Releved 
Not Welded 
—- As Welded 
05% Cu, 148% Mn | 20% C, 148% Mn 
i i i 
10 20 30 r) 10 20 30 
Carbon — Per Cent Copper— Per Cent 


Fig. 7—Mechanical ee of Welded and Unwelded Man- 
a and Manganese-Copper-Titanium Cast Steels; 
call Drawn Prior to Welding 


Table 4—Ductility of Welds in the Various Plates as Measured by the Free-Bend Test 


Plates 


a 
Welded Join§ As Weldo< 


ro 
ow 


0.5 


EES: 


32.5 32.5 
43.0°(1/% 31.2 (2/8) 

32.5 36.2 
42, 20° 32.5 33.6 
yh, 2°(1/%) 32.5 26.0 
) (1/8) 2245 

5 32.5 
65.2°° 33.8 (1/%) (1/8) 27.5 


Cast Steel Plates 
Bio 


at f 


602-s 


22.4% (7/8)(1-7/8)(a) 18.5 57.1°(1/4) (a) 37.5 
43.6°(1/2) 22.5 oe 
(3/8)(2/8) 25.0 3.8 (1/4)(1/7) 31.2 

(1)(5/8 22.5 (1/4)(3/7) 
47.7 (3/8)(3/8) 3 64.7 (1/8)(3/7) 34.5 
63.4 (3/8) +2 55. (3/8) 
43.4 (3/8) (3/8) 23.8 51.7 (1/4)(3/8) 2¢.8 

52.2 (1/%)(1/2) 22.5 43.8 (3/8)(1/2) 27.5 


Note: Tests conducted in duplicate. Bars which bent 180° without failure marked Numbers following weld ductility figures inside radius of bars 
ailure. Cracks in heat-affected zone marked (A). ne 
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30 \—\ 1 + 313 
\ \ 393 
10 tress Relieved of 
10 20 30 10 20 30 F 
- 
1/2"-Thiek Wrought 
Heat Parent Metel - As Rolled Welded Joint - Stress 
Bamber - ngth Leng®. Weld He Across Joint Weld Me Across Joint 
azo; 0.3 0.5 3 33.6 
0.1 0.5 35-0 
0.1 0.5 1.0 | 33.8 
&207 «(0.1 0.5 2.0 35.0 
0.1 0.5 1.0 33.8 
4209 «(0,1 0.5 33.8 
0,1 2.5 1.0 35.0 
@212 «(0.1 1. 35.0 
"-Thick 
as a Bunbder zidizer ~1/8" Gago Length Gage Length Weld Me Aoross Join eld Met Across Join 
0.7 60.0 (1/8)(3/8) 41.8 
+313 0.2 0.7 1.0 62.4 40.0 
3930.2 0.7 2.0 35.2 (1/8)(1 23.8 
317 1. 1.0 61.6°° 5.0 
1.5 2.0 44,5°(2) 27.5 


Table 5—Keyhole-Charpy Test Data on Welded Plates 
1j2*-Thick Wrought Steer Plates 
KEeyhbole Charpy Value - Ft 
Fusion Zone Weld ™ 
. ected as Stress As Stress 
= Relieved Wed Relieved Weld Reli 

2% 2h 39 = 37 36 36 
206 0.5 1.0 0.5 52 7 38 37 28 b 34 
207 «(ed 0.5 2.0 1.0 42 36 3 29 27 He 4 28 23 20 16 2h 15 
0.5 1.0 52 57 51 43 ke 32 32 23 
209 0.5 35 15 5. 55 57 38 50 uo 
pe 1.0 0.5 He 29 26 33 28 22 20 17 22 22 2 
1.3 4o 37 4 39 38 38 25 27 30 
hay 1.3 1.0 52 7 29 30 

Cast Steel Piates 
Keyhole Charpy Value -Ft. 
Fusion Zone Weld Metal 
Parent Metal - x Heat-Affected As Strees As Strees 

Beat ded Stress Reli Wel Reli Weld i 
aul 0.7 a 26 16 13 8 24 26 16 1 19 22 14 28 2h 
e313 00.2 0.7 1.0 al 16 g 6 6 27 2B 1% 17 14 27 22 32 
#3930 (02 0.7 2.0 a 10 ~ 3 2 27 23 2 7 20 20 2 24 
315 (0.3 1.5 22 16 4o Fed 30 22 29 30 34 33 
02 1.5 23 2B 22 44 37 33 2 26 
e317 (0.2 1.5 1.0 ™ 24 ul ’ 17 36 36 a 22 20 26 26 32 30 
0.2 628 15 1l 32 2s 23 15 15 2h 20 2% 30 
— 


of the joint are a function of the properties of the weld 
and parent metal, regardless of the alloy used to produce 
the required strength. , 


Free-Bend Tests 


The free-bend test is used primarily to indicate the 
ductility of the weld metal. In addition to the gage 
marks in the weld metal, as called for by A.W.S. stand- 
ards, a 2-in. gage length was applied across the joint 
on each bar to gain additional information on the duc- 


the various plates, as measured in the free-bend tests, 
are presented in Table 4. 

The fact that the extension across the joint is less 
than the elongation in the weld is not to be construed as 
meaning that the joint is less ductile than the weld, 
since by design the test bar undergoes only limited 
bending in the outer edges of the 2-in. gage length. 

A study of the results reveals that the ductility of the 
weld metal and the joint varies according to the com- 
position of the steel in much the same order as the duc- 


= tility of the joint as a unit. Ductility measurements for tility determined in the tension tests. Only on three 
- Table 6—Underbead Hardness and Underbead Cracking Test Results for the Various Steels 
1/,-In. Thick Wrought Steel Plates 

Depth of 


Completely 


a Nominal Composition, % | Maximum Underbead Recrystallized Total Depth of 
Heat ’ - ~ Hardness -——Parent Metal—— Underbead Heat-Affected Heat-Affected 
No. C Mn PzZCu Ni _ Vickers Hardness No. Vickers Hardness No. Cracks Zone, Mm. Zone, Mm. 
A-204 0.3 221 127 No 2.7 3.9 
A-205 0.1 161 106 Ne 2.2 3.9 
A-206 0.1 soe BOLRS 186 137 No 2.3 4.6 
A-207 0.1 39198. 243 187 No 2.4 4.9 
A-208 0.1 ¥ 2 oe 183 137 No 1.9 4.2 
A-209 0.1 eee 170 124 No 2.2 4.1 
A-210 0.1 0.1 1.0 0.5 215 149 No 2.6 4.7 
A-211 0.3 1.3 .. oe le ee 357 169 No 2.4 4.3 
A-212 0.1 1.3 . Mie ea. 200 129 No 3.7 4.3 
A-213 0.1 1.3 ae 227 145 No 2.4 4.4 

3/,-In. Thick Cast Steel Plates 
x Depth of 
Completely 


Nominal Composition, % Maximum Underbead Recrystallized Total Depth of 


Heat - Hardness —Parent Metal— Underbead Heat-Affected Heat-Affected 
No. C Mn Cu Deoxidizer Vickers Hardness No. Vickers Hardness No. Cracks Zone, Mm. Zone, Mm. 
A311 0.3 .. a Al 307 145 No 2.1 3.0 
A-312 0.2 .. - Al 254 133 No 1.8 2.9 
A-313 0.2 .. 1.0 Al 317 186 No » | 3.2 
A-393 0.2 ... 2.0 Al 421 207 No 2.2 3.2 

— A315 0.3 1.5 .. Ti 455 175 Yes 3.3 3.4 
A-316 0.2 1.5 .. Ti 348 148 No 8.1 23 

rs A-317 0.2 1.5 1.0 Ti 390 194 No 2.0 3:3 
A-318 0.2 1.5 2.0 Ti 417 207 Ves 3.2 ° 3.2 
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Fig. 8—Impact Resistance of Welded Joints in Wrought Carbon, 
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WELDING RESEARCH SUPPLEMENT 


bars did failure take place in ‘the 
heat-affected zone when the bars 
were bent: the stress-relieved 1% 
Cu, plain-carbon wrought steel 
and two bars of the 0.30% C, 
plain-carbon cast steel, as-welded 
and stress relieved, respectively. 
This is an insufficient number of 
failures in the heat-affected zone to 
permit generalizations on the com- 
parative susceptibility of steels of 
various compositions to brittleness 
in the affected zone. 


Notched-Bar Tests 
The various steels were tested for 


brittleness, at room temperature, in 


the different zones of the weld, by 
means of keyhole-notched Charpy 
bars (see Fig. 3). Tests were cor- 
ducted down to —40° F. on the 
base plates as prepared for welding, 
and on specimens from the heat- 
affected zone in stress-relieved welds. 
The test data are presented in Table 
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5 and plotted against chemistry of the parent plates in the curves for tension properties versus chemistry, given in Figs. 5, 6 and 7, 
, cl . and the corresponding Charpy impact values versus composition given in Figs. 
Figs. 8 to 19, inciusive. 8 to 19, inclusive. For example, the 0.30% C plain-carbon steel base as- 


N study of these data indicates that, for equal tensile welded has a tensile strength equivalent to that of a copper-nickel steel having a 


’ little over 2% Cu + Ni (ratio 2:1). In Fig. 8, it is seen that for this Cu + Ni 

strengths, the copper steels have equal or superior Caper Charpy value 
. ,a equaiin e heat-aflec Zz $10 one, d shght 

notched-bar impact properties in all zones of the weld.* inthe weld. The 0.30% C plain-carbon steel has a yield strength equal to that 

) C Ni ai arison i 

* Since the particular copper-bearing steels and the corresponding copper- Fig te ‘toughness for the + Ni 
free carbon steels do not have exactly the same tension properties, some inter- —stee! over the 0.30% C steel . “ — 

polation is necessary to compare the various measures of weldability on an mihite : 

equal strength basis. Therefore, comparison is most easily made by means of 

This advantage is particularly 
| evident when yield strength is 

i | used as a basis for comparison. 

ty | Exceptions are (1) the fusion zone 

q* wrought-steel base, which is com- 

\ ~ P | parable on a yield strength basis 

N\A but below expectations when com- 

= parison is made on an ultimate 

7 strength basis, and (2) the copper- 

“Ses AN which comparable toughness values 

. are low on an ultimate strength 

. basis but high on a yield strength 

3 basis. 

S 90 a One point worthy of note is that 
the notched-bar impact properties 
in the heat-affected zone of the 
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ably because of a 
cipitation hardening. 
The cast-copper steels, 
which underwent pre- 
cipitation hardening 
prior to welding, be- 
have similarly to the 
plain-carbon _ steels. 
These trends are eyj- 
dent in Figs. 14 and 
19. Nevertheless, the 
toughness of the stress- 
relieved, heat-affected 
zones in copper-bear- 
ing steels maintains 
some superiority, on an 
equal strength basis, 
particularly when nickel 
is present. For ex- 
ample, the 1% copper 
wrought steel in the 
stress-relieved condi- 
tion has a Charpy value 
of 48 ft.-lb. in the 
heat-affected zone and 
a tensile strength of 
76,400 psi. for the 
stress-relieved joint, 
while the plain 0.30% 
C wrought steel has a 
Charpy value of 39 it.- 
Ib. in the heat-affected 
zone and a_ tensile 
strength of 74,000 
under the same condi- 
tions. 

The notched - bar 
toughness of the fusion 
zone and weld metal, 
though falling consis- 
tently below that oi 
the parent metal and 
heat-affected zone, fol- 
lows rather closely the 
trend evident in the 
base steel, probably as 
a result of admixture. 
Only in the low-carbon, 
plain 1% copper rolled 
steel is the Charpy 
value of the fusion 
zone markedly lower 
than that of either the 
weld or of the heat- 
affected zore. Even 
then, the Charpy value 
of the fusion zone of 
the 1% Custeel matches 
that of the fusion zone 
of the carbon steel on 
an equal yield strength 
basis. In the cast 
steels where the weld 
metal is of the same 
order of toughness as 
the parent metal, the 
trend is for the fusion 
zone to be lower in 
Charpy values than 
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Fig. 21—Hardness Survey on Welded Joints in '/:-In. Rolled Plates; Left, As-Welded; Right, Stress Relieved 
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Fig. 22—-Hardness Survey on Welded Joints in */,-In. Copper-Bearing Carbon Cast Steel Plates; Left, As-Welded 
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Hardness Surveys on Bead-Hard- 
ness Specimens and Welded 
Joints 


The maximum  underbead 
Vickershardness found on A.W.S. 
bead-hardness specimens is given 
in Table 6, along with hardness 
readings on the base steels. The 
depth of penetration of the heat 
effect is also noted in the table. 

The maximum  underbead- 
hardness values present a strong 
argument for copper replacing 
carbon for strength. Not only 
is the hardness considerably less 
for the copper steels on the basis 
of strength, but the hardness 
differential between the base 
steel and the maximum observed 
in the heat-affected zone is not- 
ably less, allowing for more 
uniform properties across the 
various zones of the weld. There 
is also seen a tendency for cop- 
per to increase the depth of the 
heat effect, making for a more 
gradual change between the ex- 
tremes in properties of the heat- 
affected zone and the parent 
metal. 

Underbead cracking was noted 
on only two steels, the 0.3% 
C-manganese-titanium cast steel, 
and the 0.2% C-2.0% Cu manga- 
nese-titanium cast steel. How- 
ever, because of their discontinu- 
ous nature, underbead cracks 
may not be disclosed by micro- 
scopic examination of a single 
transverse section. 

The Vickers hardness surveys 
across the multibead welded 
joints bear out the same general 
trend observed in the bead- 
hardness test (Figs. 20-23, inclu- 
sive). The actual maximum 
hardness values in the heat- 
affected zone are somewhat be- 
low those found in the bead-hard- 
ness test, because of the less 
drastic conditionsimposed. Fur- 
thermore, they are subject to 
human manipulation in welding, 
whereas the bead-hardness test 
was machine welded under exact- 
ing control. 

Precipitation hardening in the 
heat-affected zone appears to be 
quite small. Itis observedin the 
2% copper steels that the lower 
plane of hardness readings show 
higher peaks than the middle, or 
top plane. In all but the 2% 
copper, copper-bearing steels pre- 
cipitation hardening, if present, 
was not more than enough to 
balance out the softening result- 
ing from annealing. 

One difference observed be- 
tween the copper-bearing and 
plain-carbon steels is that stress 


609-s 


| 
y / 
| 
G : | Fe 
\ | Se? | 
| i} | | | 
| | | 
1 N N N N = 
) 
1 | if 
iy 
} 
| 
Rei ON RR 
| | | 
° 
1946 


Plate No. 316 SR 
Plate No. 3/7 SR 
Plote ‘No. 38 SR 


F «Fusion Zone 


A 2 Outer Edge of 


Affected Zone 


88 83 


‘ON Su NDIA 


250 


200 


—— 


Piate No. 3/6 W 
Plate No. W 


Plate No. 3/5 W 


F «Fusion Zone 


A-=Outer Edge of 
Affected Zond 


Across 


‘ON NDIA 


610-8 


Pe 


Weld — inches 


Across 


Distance 


Weld — Inches 


Distance 
Fig. 22—Hardness Survey on Welded Joints in */,In. Copper-Bearing Manganese-Titanium Cast Steel Plates; Left, As-Welded; Right, Stress Relieved 


relieving lowets the hardness in 
parts of the joints in carbon steels. 
whereas, in copper- bearing steels, the 
maximum hardness in the heat. af- 
fected zone remains the same after stress 
relieving and the hardness in the base 
steel is increased, with the result that 
the copper bearing produces a more 
uniform joint with respect to hard- 
ness in all-strength ranges covered in 
the investigation. 


Summary 


A study of the metal-arc weldability 
of a number of low- -alloy wrought and 
cast steels was made to determine the 
feasibility of using copper in place of 
carbon to confer the required strength 
to steels which would, at the same 
time, have superior weldability. 

A series of tests on arc-welded plates, 
including single-bead hardness and 
cracking tests, and hardness surveys, 
tensile tests, free-bend tests and 
Charpy-impact tests on the various 
zones of welded joints, were used as a 
measure of weldability. 

On the basis of equal tensile proper- 
ties of the base steel and the welded 
joints, it was found that copper-bear- 
ing steels generally have considerably 
better notched-bar toughness in all 
zones of the weld than carbon steels. 

The maximum hardness found in 
the heat-affected zone is lower in cop- 
per steels than in the corresponding 
copper-free steels of equivalent 
strength. Welded joints in copper- 
bearing steels were of more uniform 
hardness than those in carbon steels. 
This greater uniformity results from 
lower hardenability at a given strength 
level as evidenced by lower differential 
in hardness between the base metal and 
the maximum hardness produced in 
the heat-affected zone. A slightly 
deeper heat-affected zone was observed 
in copper-bearing steels. Although 
direct evidence that copper steels would 


. be more free of welding cracks than the 


corresponding carbon steels was found 
in only one set of steels tested, such 
cracking is generally attributed to ex- 
cessive hardening and the advantage 
of copper steels is, therefore, apparent. 

Since copper-bearing steels can be 
welded in the soft, unprecipitation- 
hardened condition and then strength- 
ened simultaneously with stress reliev- 
ing, it appears that they may be used 
to good advantage in certain applica- 
tions where stress relieving is practiced. 
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An Investigation of the Phenomenon of 
Cleavage Type Fractures in Low-Alloy 
Structural Ship Steels’ 


By Harold J. Gershenowt and George G. Luther? 


Abstract 


Tensile tests of two types of flat bar 
specimen were made which substantiated 
the supposition that various combinations 
of temperature and constraint can produce 
cleavage fractures in a normally ductile 
steel by simple tension loading. It was 
shown that high constraint at room tem- 
perature, less constraint at moderately 
low temperatures, and no constraint other 
than that inherent in a conventional ten- 
sile specimen at very low temperatures 
will produce brittle failures. 


Introduction 


(A) Statement of the Problem 


INCE the early part of this war 
numerous welded merchant ships 
have developed brittle or cleavage type 
fractures. From a survey of the litera- 
ture’: 12 it appears that brittle failures 
accompanied by a very small amount of 
plastic flow have occurred under a variety 
of conditions, such as various degrees of 
poor workmanship, heavy seas, tempera- 
ture and materials. Furthermore, the 
cleavage fractures which were reported 
occurred in steels which exhibited ductile 
properties in conventional tests. This in- 
vestigation was undertaken to determine 
how these fractures occur and to develop a 
means of reproducing them in the labora- 
tory. 


(B) History of the Problem 


The incidence of the ship failures is 
indicated by the following statistics: 
Of 4063 welded ships launched as of Feb. 
1, 1945, the total number of ships which 
sustained fractures was 722, the total cases 
of fractures was 1045, the total cases of 
potentially serious fractures was 102, and 
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the total cases sustaining a complete 
fracture of the strength deck was 23. It 
can be seen, therefore, that the problem is 
one of concern. The variables covered in 
various investigations may be classified as 
follows: material, design, workmanship 
and operating conditions. These-investi- 
gations revealed the following informa- 
tion: (1) that the materials met existing 
standards; , (2) that the design was con- 
sidered faulty but did not offer a complete 
explanation of the failures in terms of past 
engineering experience; (3) that work- 
manship. although bad in cases, could not 
be considered the basic cause of the fail- 
ures; and (4), the most confusing con- 
sideration of all, that the operating condi- 
tions under which the various failures 
occurred were seldom comparable. It can 
be seen, therefore, that these investiga- 
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tions have produced a mass of conflicting 
data. 


(C) Proposed Solution 


It is generally held that cleavage type 
fractures in normally ductile steel may 
occur under certain definite conditions of 
temperature, constraint (restriction of de- 
formation) and rate of loading. It is be- 
lieved that steels which react in a ductile 
manner in a conventional tensile test may 
fail in a brittle manner when the tempera- 
ture is decreased or the constraint is in- 
creased. It is further believed that the 
ranges of temperature and constraint in 
which cleavage fractures accur vary with 
the type of steel. The best evidence sup- 
porting the view that temperature is a 
factor in producing cleavage fractures is 
the fact that impact resistance of steel 
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Fig. 2—Specimen Prepared for Low- 
Temperature Test 


shows a considerable decrease as the test- 
ing temperature is lowered. Although 
this does not show low temperature to be 
the sole cause of brittle failures of welded 
ships, these tests and the fact that many 
failures have taken place in cold weather 
seem to indicate that temperature has an 
important bearing. The significance of 
constraint may be understood when one 
considers the fact that a steel which 
breaks in a ductile manner when tested 
as a small tensile bar may fail in a brittle 
manner with little accompanying plastic 
flow when incorporated in the structure of 
aship. At the time that this investigation 
was being conducted, work by P. R. 
Shepler and the late A. V. DeForest at the 
Massachusetts Institute of Technology? 


indicated that rate of loading must be 
considered in an investigation of this sort. 
Consequently, rate of loading was con- 
trolled in this investigation. 


(D) Scope of Investigation 


The tests which are reported herein 
attempt to demonstrate qualitatively the 
effects of constraint and testing tempera- 
ture on the incidence of cleavage fractures. 
The choice of a tensile specimen to repre- 
sent the loading conditions in a ship is 
based on the premise that in the bending 
of a full-scale structure such as a ship, the 
upper deck plates are, for all practical pur- 
poses, in pure tension. 


Tests and Results 


(A) Experimental Procedure 


In attempting to produce brittle frac- 
tures in the laboratory, the steel was sub- 
jected to various combinations -of re- 
straint and temperature. Two types of 
tensile specimen were used (Fig. 1), one a 
standard specimen for testing sheet and 
thin plate and the other a simple bar 
slotted on either side at the center. These 
specimens will henceforth be referred to as 
the control and the slotted specimens, 
respectively. The slot was introduced for 
the purpose of adding constraint through 
stress concentration and the area of the 
cross section between the slots was made 
to equal that of the control specimen. 
Tests involving constraint alone were 
made with specimens 1 in. thick, while 
both temperature and constraint were 
varied in the '/,-in. specimens. 

(1) Materials and Equipment.—tIn this 
investigation two steels representative of 
those used in ship construction were used, 
a medium steel and a high tensile steel. 
The specimens were of hot-rolled plate 
grit blasted to remove mill scale and, with 
the exception of those designated as trans- 
verse, were machined parallel to the direc- 
tion of rolling. 

Low-temperature tests were facilitated 
by soldering a small flange to the specimen 
(Fig. 2) so that the strip could be bolted 
and sealed in a cold box (Fig. 3) containing 
the coolant. The specimens were loaded 
by means of a 60,000-Ib. capacity hydrau- 
lic¥'tensile machine and load-deflection 
data were automatically recorded for all 
tests. 


Fig. 3—Specimen in Cold Box 


Two methods of measuring the tempera- 
ture at the time of fracture were used. 
The initial tests made use of a copper- 
constantan thermocouple connected to a 
potentiometric thermocouple indicator, 
while later tests made use of two chromel- 
constantan thermocouples in series con- 
nected to a potentiometric thermocouple 
recorder. 

The initial tests were made at a constant 
load rate of 20,000 Ib. per minute since the 
testing machine was equipped with a load- 
rate indicator and not a strain-rate indi- 
cator. This rate of loading was propor- 
tional to strain rate only in the elastic 
region. In later tests a strain rate indi- 
cator was developed and a constant strain 
rate of 0.001 in. per second was main- 
tained in both the elastic and plastic re- 
gions. This particular strain rate was 
selected because it approximated 20,000 Ib. 
per minute in the elastic region. 


(B) Discussion of Results 


The control specimens at the tempera- 
tures investigated showed with one excep- 
tion the type of fracture that is character- 
istic of a ductile steel. This was the case 


Fig. 4—One-Inch Thick Longitudinal Specimens at Room Temperature 
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cant fact demonstrated by testing 1-in. 
thick longitudinal specimens at room tem- 
perature was that the control specimen 


Table 1—Chemical Composition of Steels Used in This Study 


Steel A 526 C 487 539 331 produced fractures that were character- 
Element : Per Cent —~ istic of a ductile steel while the slotted 
C oa 0.14 0.12 0.15 specimens failed in a decidedly brittle 
0.052 manner (Fig. 4). The unit stress required 
S 0.031 0.025 0.032 a to break the mild steel slotted specimen 
P 0.08 . 0.041 0.02 0.06 was approximately the same as that re- 
Cr 0.027 0.069 0.04 0.15 quired to break the control specimen. It 
Ni 0.028 0.14 0.08 0.21 should be recalled at this point that the 
Mo 0.01 0.03 0.01 0.04 cross-sectional area between the slots was 
Cu 0.015 0.12 0.16 0.26 equal to that of the control specimen. 


An examination of the fractures of the 
slotted specimens disclosed a chevron-like 


in spite of 50-75% decrease in elongation 
in 4 in. upon lowering the temperature. 
The slotted bars, however, did exhibit 
brittle failures under certain combinations 
of thickness and temperature. It is to be 
noted in connection with the slotted bars 
that the gage length was essentially 0.013 
in., i.e., the width of the slot; while in the 
case of the control specimen, plastic flow 
occurred over the entire 4-in. gage length. 


The per cent elongation, Tables 2, 3 and 4, 
for both the control and the slotted speci- 
mens is based on the elongation over a 4- 
in. gage length. In that the effective gage 
lengths were so vastly different, a quariti- 
tative comparison between the per cent 
elongation in 4 in. in the control and 
slotted specimens should be avoided. 

(1) One-Inch Thick Longitudinal Speci- 
mens at Room Temperature.—The signifi- 


herringbone pattern which pointed toward 
small ductile-appearing patches at the 
bottom of the slots where fracture appar- 
ently started. 

(2). One Quarter-Inch Thick Longi- 
tudinal Specimens at Various Tempera- 
tures.—Table 3 and Fig. 5 show that the 
increased constraint of the slotted speci- 
men in this thickness was insufficient to 
cause a brittle fracture at room tempera- * 


ture. Furthermore, there was little or no 
difference observed between the unit 
Table 2—One-Inch Thick Ena. eee at Room Temperature stresses required to break the slotted and 

) control specimens at room temperature. 
However, there was a drastic change in 


Yield Tensile 
i % Elongation Strength, Strength, the order of magnitude of the energy 
Steel Specimen Fracture in 4 In. Psi. Psi. absorbed by the two types of specimen 
A 526 Control Ductile 42 30,030 58,950 broken at room temperature. The energy 
Control Ductile 42 31,200 59,010 absorption in breaking the control speci- 
A 526 Slotted Brittle 6 38,580 60,860 men was approximately 39,000  in.- 
Slotted Brittle 5 38,77 56,670 lb., while in breakigg the slotted speci- 
C 487 Control Ductile 39 46,700 71,770 men it was only 8000 in.-Ib., a decrease of 
Control Ductile 38 46,890 71,630 approximately 80%. 
C 487 Slotted Brittle 6 60,370 30,490 Lowering the testing temperature re- 
Slotted Brittle 5 59,440 79,320 sulted in cleavage fractures in the slotted 


specimens while fractures in the control 
specimens continued to be ductile (Table 
3). The appearance of the cleavage frac- 


* Rate of loading, 0.03 in./sec. 


Table 3—One Quarter-Inch Thick Longitudinal Specimens at Various Temperatures 


Temp. at Elongation % Yield Tensile 

; Failure, Rate, Elongation Strength, Strength, Work, 
Steel Specimen : In./Sec. Fracture in 4 In. Psi. Psi Inch Lbs. 
539 Control 82 0.001 Ductile 30 64,000 80,400 39,000 
Control 82 0.001 Ductile 29 65,500 81,600 39,000 
539 Slotted 80 20,000 Ductile 6 84,200 7,950 
Slotted 80 ib./min Ductile 7 ss 84.200 8,350 
539 Control —95 0.001 Ductile 13 84,000 97,500 28,500 
Control — 46 0.001 Ductile 13 81,500 97,500 29,100 
539 Slotted —110 20,000 Brittle 3 97,000 8,700 
Slotted — 155 Ib./min Brittle 1 “as 100,000 10,000 
331 Control 80 0.001 Ductile 41 60,500 84,400 39,200 
Control 80 0.001 Ductile 41 60,500 84.600 38.300 
331 Slotted 80 20,000 Ductile 6 83,000 7,190 
Slotted 80 Ib. /min Ductile 6 500 6,480 
331 Control —93 0.001 Ductile 10 89,600 99.600 26,100 
Control —95 0.001 Ductile 11 86,500 98,300 27.800 
331 Slotted —57 20,000 Brittle 3 90,000 8,060 

Slotted —56 Ib. /min Brittle 2 89,000 


Elongation % Yield Tensile 


f Failure, Rate, Elongation Strength, Strength Work 
Steel Specimen °F. In./Sec. Fracture in In. Par Psi Inch 
539 Control 82 0.001 Ductile 28 63,000 81,000 36,200 
Control 82 0.001 Ductile 28 81,300 
539 Slotted 80 20,000 Brittle 5 81,000 6,730 
Slotted 80 lb./min Brittle 5 81,000 5.750 
539 Control —115 0.001 1/, Brittle 10 85,000 99,500 26,200 
Control —95 0.001 1/, Brittle 11 80,800 96,300 26,300 
539 Slotted —82 20,000 Brittle 3 wes 71,000 $,190 
Slotted —68 Ib./min. Brittle 3 90,000 4,730 
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Fig. 6—One Quarter-Inch Thick Transverse Specimens at Various Temperatures 


ture (Fig. 5) illustrated the type of her- 
ringbone pattern obtained in both this 
specimen at low temperature and the 1-in 
thick specimen at room temperature. It 
was noted (Table 3) with regard to the 
control specimen that at lowered testing 
temperatures the per cent elongation in 4 
jn. was decreased by more than 50%, the 
yield strength and tensile strength was 
increased by more than 25% and the 
energy absorbed was decreased by more 
than 25%. When considerable constraint 
was involved, as in the case of the slotted 
specimen, it was noted that a decrease in 
testing temperature resulted in a change 
from ductile to cleavage type of fracture 
together with more than 50% decrease in 
the elongation in 4 in. and approximately 
10% increase in the unit stress required to 
break the specimen. Furthermore, the 


‘lowered temperature had little or no 


effect on the amount of energy absorbed 
by the slotted specimen. 

These test results show that where 
neither lowered temperature nor con- 
straint, acting singularly, was sufficiently 
severe to cause cleavage fracture, a com- 
bination of the two did cause brittle fail- 
ure. 

(3) One Quarter-Inch Thick Transverse 
Specimens at Various Temperatures.— 
Specimens in this series differed from all 


. of the previous specimens in that the 


length of the specimen was perpendicular 
instead of parallel to the direction of roll- 
ing. At room temperature, the control 
specimens continued to produce ductile 
fractures but of a slightly different type 
from those of the longitudinal specimens 
(Fig. 6). However, the slotted specimens 
did produce brittle fractures at room 


INDUSTRIAL RESEARCH LABORATORIES 
ALMOST DOUBLE PERSONNEL DURING 
THE WAR 


The personnel of United States indus- 
trial research laboratories increased 90.6% 
between 1940 and 1946 and now numbers 
133,515, according to the new eighth 
edition of the directory Industrial Re- 
search Laboratories of the United States, 
now ready for distribution by the National 
Research Council. This directory has 
been compiled by means of an extensive 
questionnaire survey of several thousand 
industrial organizations, and includes for 
each reporting company the name of the 
president, the location of the laboratories 
and of the laboratories of subsidiary com- 
panies, names of key men in research, a 
brief description of research activities, in- 
formation on scientific periodicals issued 
and the size of the library, and a statement 
concerning the grants for research and 
fellowships and scholarships maintained 


temperature with an attendant drop in the 
amount of energy absorbed from 36,000 
to 6000 in.-Ib. 

At reduced temperatures both the slot- 
ted and the control specimens exhibited 


‘brittle fractures (Fig. 6). Otherwise, the 


data recorded (Table 4) indicated a be- 
havior similar to that of the '/,-in. thick 
longitudinal test specimens. 


Summary and Conclusions 


By means of added constraint, brittle 
failures have been produced in laboratory 
test specimens at room temperature in 
steels normally considered ductile. It 
was found that by lowering the tempera- 
ture, brittle failures could be produced in 
specimens containing very little con- 
straint. Furthermore, brittle failures 
were produced by combining the effects of 
constraint and low temperature when 
neither factor acting alone would result in 
cleavage fractures. 

When it was found that the cleavage 
fracture encountered in brittle ship fail- 
ures could be reproduced in small-scale 
laboratory test specimens by varying 
temperature and constraint, the question 
quite naturally arose as to the effect of 
welding on cleavage type fracture. The 
effect of welding on the temperature at 
which a transition from ductile to cleavage 
type of fracture occurs in a series of high- 
tensile low-alloy steels has been investi- 
gated and will be reported in the near 
future. 
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The Effect of Peening Upon Residual 
Welding Stresses’ 


By E. Paul DeGarmo,' Finn Jonassen,' and J. L. Meriam! 


N STUDYING possible methods for 


reducing residual welding stresses it - 


was necessary to consider peening. Con- 
siderable difference of opinion has existed 
regarding the effect of peening on residual 
stresses. The literature contains a goodly 
number of statements to the effect that 
peening does reduce residual stresses. A 
careful survey of this work, however, re- 
vealed the fact that many of .these state- 
ments were based on observations of the 
effect of peening on distortion. Others of 
these statements had no experimental data 
behind them. In other cases no attempts 
had been made to measure the effect of 
peening on longitudinal residual stresses, 
only the transverse stresses being consid- 
ered. The net result was that there was 
almost no accurate and useful information 
available regarding the effect of peening on 
residual stresses. 

It appeared that many of the ideas re- 
garding the effectiveness of peening in re- 
ducing residual stresses were based upon 
the fact that peening has been found bene- 
ficial in eliminating cracks which occur 
when welding is done under conditions of 
high restraint. However, it appeared 
probable that these cracks were not the 
result of final residual stresses but of other 
stresses which occur during or immediately 
following welding and therefore the fact 
that peening eliminated such cracking 
was not evidence that the final residual 
stresses were reduced. 


Procedure 


In order to obtain a comprehensive de- 
termination of the effect of peening on 
residual stresses it was necessary to con- 
sider five factors. 


(a) Severity of peening. 

(b) Effect of temperature of the material 
being peened. 

(c) Effect of peening the last pass of 
welds. 

(d) Peening the plate material adjacent 
to the weld. 

(e) Restraint in the plane of the ane 
being welded. 


To study the effect of these variables 
twenty-nine test panels were welded. The 


* Scheduled for Twenty-Seventh Annual Meet- 
inst = S., Atlantic City, N. J., week of Nov. 
94 
+ Associate Professor of Mechanical Engineer- 
ing, University of California. 
sf Assistant Professor of Mechanical Engineer- 
ing, University of California. 


details of the preparation of these panels 


are shown in Table 1 and 


The peening procedure used was selected 


Fig. 1. 


Electrode: Pass 1; 3/16” E-6010, 
Current: Pass 1; 185 amps. 
Details: 
+. Deposit pass 1, 
Deposit pass 2, Peen pass 2, 
: Deposit pass 3, Peen pass 3, 
Deposit pass 4, Peen pass 4, 
Deposit pass °° Peen pass 5 
Deposit pass 6, 
Turn, back chip and peen, 
Deposit pass 7. 
B. Deposit pass l, 
Deposit pass 2, Peen pass 2, 
Deposit pass 3, Peen pass 3, 
Deposit pass 4, Peen pass 4, 
Deposit pass 5, Peen pass 5, 
Deposit pass 6, Peen pass 6, 
Turn, back chip and peen, 
Deposit pass 7, Peen pass 7. 


E. 
Electrode: Pass 1; 
Current: Pass 1; 
Details: 


5/32" E-6010. 
150 - 165 amps. 


Turn and back chip, 
Deposit passes 4 and 5, 
Pull anneal, 

Deposit pass 3, 


Turn and deposit pass 6. 


Deposit passes 1 and 2, 


so that a maximum number of passes 
could be peened and still allow the rather 
general practice of not peening the first 


Other passes: 1/4" E-6012 
Others; 300 - 315 amps. 


C. Deposit passes 1, 2, 3, 4, 5, 6, 
Turn, back chip, 
Deposit pass 7, 
Turn panel, 


Peen pass 7, 
Peen pass 6. 


D. Deposit passes 1, 2, 3, 4, 5, 6, 

Turn, back chip, 

Deposit pass 7, Peen pass 7, 

Peen plate in shaded area shown 
in sketch, 

Turn panel, Peen pass 6, 

Peen plate in shaded area shown 
in sketch. 


/ 


1/4" §E-6012, 
300 - 320 amps. 


Other passes; 
Other passes: 


Fig. 1—Welding and Peening Procedures 
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Fig. 2—Peening Tool 


Fig. 5—Restraining Frame 


comparison. 


In panels 34, 38 and 52, 
passes 2, 3, 4, 5 and the back side of pass 
number 1 were peened, as indicated in 
Fig. 1. In each case one electrode length 
was deposited. The slag was completely 


chipped off and the weld brushed. The 
deposited metal was then peened. Using 
this procedure the metal was quite hot 
when peening took place. The exact 
temperature was not known as the only 


Fig. 3—Path of Tool Used in Peening Welds 
Table 1—Details of Preparation and Welding of Test Panels 


and last passes to be followed. In the 
case of the panels welded without restraint 


Edge Preparation 
Welding and 
Peening Procedure* 


Approximate 
in the plane of the plates, they were fitted 7 Size 

together and tack welded with 2-in. tacks 
on 12-in. centers using 5/g:-in. E-6010 


Welding 


Process Remarks 


Peening, Unrestrained* 


Manual Peening, C 
Manual Peening, A 
Manual Peening, A 
Manual Peening, A 
Manual Peening, A 
Manual Peening, C 
Manual Peening, B 
Manual Peening, B 
Manual Peening, C 
Manual Peening, C 
Manual Peening, B 
Manual Peening, B 
Manual Peening, D 
Manual Peening, D 
.x6ft.x lin. Manual Std. Manual, E 
x 6 ft. x lin. Manual Std. Manual, E 


Peening 4-in. Wide Plates, Restrainedt 
x 24in. x lin. Manual Peening, C in. butt weld§ 
.x 24in. x Lin. Manual Peening, A 24-in. butt weld 
in. x 24in. x lin. Manual Peening, At 24-in. butt weld 
in. x 24in.x Lin. Manual Peening, D 24-in. butt weld 
in. x 24in. x lin. Manual Peening, D 24-in. butt weld 
Peening 8-In. Wide Plates, Restrainedt 
16 in. x 24 in. x lin. Manual Peening, C 24-in. butt weld$ 
16 in. x 24in. x 1 in. Manual Peening, B 24-in. butt weld 
16 in. x 24in. x 1 in. Manual Peening, B 24-in. butt weld 
16 in. x 24 in. x 1 in. Manual Peening, D 24-in. butt weld | 
16 in. x 24in. x 1 in: Manual Peening, D 24-in. butt weld 
16 in. x 24 in. x 1 in. Manual Peening, C 24-in. butt weld 
16 in. x 24 in. x 1 in. Manual Peening, C in. butt weld 


* See Fig. 1. 

t For detail of restraining frame, see Fig. 7. 

t This panel was peened hot. (Peening was done immediately upon completion of each 
electrode increment.) 

§ Control panel—no peening. 


.x6ft.x Lin. 
.x6ft.x lin. 
.x6 ft. x Lin. 
.x6ft.x Lin. 
.x6ft.x Lin. 
.x6ft. x lin. 
.x6ft.x lin. 
.x6ft.x lin. 
.x6ft.x lin. 
.x 6 ft. x lin. 
.x6ft. x lin. 
.x6ft.x Lin. 
.x6ft. x lin. 
.x6ft.x lin. 


. butt weld$ 
. butt weld 
. butt weld 
. butt weld 
. butt weld 
. butt weld 
. butt weld 
. butt weld 
. butt weld 
. butt weld 
. butt weld 
. butt weld 
. butt weld 
. butt weld 
. butt weld 
. butt weld 


electrode. Run-off tabs approximately 
6 in. square were attached at the ends of 
the joints. In all cases the plates were 
restrained in the vertical direction at the 
outer edges by means of wedges. 

Panel 33 was welded without peening to 
serve as a control panel for purposes of 
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EFFECT OF PEENING ON RESIDUAL STRESSES 
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34 4f 
38 4ft al 
52 4ft 
54 4 ft 
58 4ft 
97 4ft 
98 4 ft 
99 4 ft 
100 4ft 
102 4ft 3 
103 4ft 
104 4ft 
Ci 105 4ft 
84 4ft 
92 4ft 
63 
2 64 
R 65 
| 119 
120 
118 
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111 
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121 
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Fig. 6—Close-Up of Restraining Frame 


contact pyrometers available were good 
only to 400° F. The metal was somewhat 
hotter than this temperature.* The pro- 
cedure was probably representative of 


* There were indications that it was between 
500 and 600° F. 


what is done normally in ‘“‘hot” peening. 

The peening tool which was used in each 
case is shown in Fig. 2. The same oper- 
ator was used for all of these panels in an 
attempt to standardize the procedure. 
Air hammers were used as follows: Panel 


34, No. 2 Boyer, 2300 blows per min,; 
Panel 38, No. 1 Thor, 3250 blows per min.; 
Panel 52, Ingersoll-Rand Scaling Hammer, 
Size 18, 5200 blows per min. Air pressure 
was 95-105 psi. 


In the process of peening, the tool was 
moved over a path as indicated in Fig. 3, 
The tool was moved rapidly along the 
weld, adjacent to the plate, for the distance 
desired and then back along the other edge 
of the pass, adjacent to the plate, at the 


same speed. In this operation the tool 


was parallel to the length cf the weld. 
The tool was then turned normal to the 
axis of the weld and moved very slowly 
along the center of the pass. On the 
fourth and fifth passes, where the passes 
were wide since they were near the top of 
the V, this second portion of the peening 
operation was repeated. 


Checks of the rate of travel of the peen- 
ing tool indicated that all areas which were 
peened must have received at least ten 
blows. When the No. 1 and No. 2 air 
hammers were used, the fact that the 
metal had been worked plastically was 
visually evident. The air hammer was 
held firmly by the operator but not 
“ridden.”” The rate of movement of the 
tool on all of the panels was kept as con- 
sistent as possible. It was felt that the 
degree of control which was exercised was 
as great, if not greater, than could be at- 
tained in actual practice in a shipyard. 


For all of the other panels which were 
peened, the No. 2 Boyer air hammer was 
used. The peening procedure was similar 
to that described previously. For peening 
the last passes of welds and the plate 
metal adjacent to the welds, the bobbing 
tool, illustrated in Fig. 4, was used. 
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+ 9—6 Ft. x 4 Ft. x 1n., Panels with 4-Ft. 
utt Welds (84 and 92 Annealei Before 
Deposition of Last Pass) 


° LONGI TUOINAL 
TRANSVERSE 
———— PANEL 54 
PANEL 84 
PANEL 92 


SEE TABLE | FOR EDGE 
PREPARATIONS AND 
WELDING DETAILS 


AVERAGE OF TOP BOTTOM-RESIDUAL STRESS 
ALONG ¢ OF WELO, KIPS /INCH 2 


Fig, 8—Residual Stresses Along € of 

Peened and Unpeened Welds (4 Ft. x 6 Ft. 

x 1 In. Panels Restrained Only in Direction 
Normal to Plate) (Peened Hot) 


In the cases where peening was done 
after the panel had cooled, a temperature 
of 150° F. was the maximum temperature 
allowed at time of peening. 

Panels 84 and 92 were made for the 
purpose of determining to what extent the 
deposition of the last pass of a weld con- 
tributed to the setting up of residual 
stresses. This would establish the neces- 
sity for peening the last pass if residual 
stresses were to be reduced by peening. 
These panels were made using a double V 
edge preparation. All passes except the 
final on each side were deposited without 
peening. The panels were then given a 
full anneal at 1650° F. After the panels 
were cold the last passes were deposited 
on each side. 

It was recognized that the first group of 
panels had little or no transverse restraint. 
The longitudinal restraint offered by the 
plates was adequate to cause longitudinal 
residual stresses in excess of 45,000 psi. 
In order to complete the investigation of 
peening, it was believed desirable to test 
panels having sufficient transverse re- 
straint to produce transverse residual 
stresses approaching the longitudinal 
residual stresses in magnitude. 

To accomplish this, the two series of 
restrained panels were made in a restrain- 
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Fig. 10—Residual Stress at ¢ of Welds Peened by Various Procedures 


ing frame as shown in Figs. 5, 6 and 7. 
Five of these panels were composed of two 
plates 4 in. wide, while the remainder of 
the series were each made of two plates 
8in. wide. Details regarding the welding 
of these panels are given in Table 1. In 
preparing the panels for welding, the two 
l-in. plates were fitted together and tack 
welded using light 2-in. tacks on 12-in. 
centers. The panel was then fitted into 
the opening in the restraining frame and 
tack welded into position. A very close 
fit-up between the panel and the restrain- 
ing frame was used to minimize shrinkage 
across the weld. The edges parallel to the 
joint were welded on the topside of the 
panel to the restraining frame. The 
entire assembly was then turned and the 
welding completed on the other side. As 
the restraining welds cooled, the tack 
welds between the two 1-in. plates broke. 
The plates were restrained from moving 
in a direction normal to the plane of the 
panel by means of two restraining bars 
and wedges. 

After the two plates of the test panel 
were welded into position in the restraining 
frame, the main weld was started. To 
avoid cracking, it was found necessary to 
keep the first pass and the plates adjacent 


to the joint heated to about 200° F. until 
the second pass had been deposited. 
Using this procedure, no difficulty with 
cracking was experienced. 

In order to determine whether the same 
degree of restraint was obtained in dupli- 
cate panels, electrical resistance strain 
gages were attached to both sides of both 
compression legs of the restraining frame, 
opposite the ends. of the weld. These 
gages can be seen in Fig. 5. Readings 
were taken on these gages before and after 
the main weld was made. It was found 
from these readings that restraints of 
duplicate panels were in good agreement. 

After the panels had been completed, 
strain gages were attached and residual 
stresses determined using the technique 
described in a previous paper.t 


Results 


Figure 8 shows the results obtained by 
péening with different degrees of severity 
all but the first and last passes of welds 
while the metal was hot. It was apparent 


+ J. L. Meriam, E. Paul De Garmo and Finn 
onassen; “‘A Method for the Measurement of 
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that none of the methods used resulted in 
decreased residual stresses, It was there- 
fore necessary to determine the effects of 
peening while cold and of peening the last 
passes. 

The effect of peening while cold, all but 
the last pass, is shown by the curves for 
panel 54 in Fig. 9. The maximum longi- 
tudinal residual stress for this panel was 
43,000 psi. This indicates that there was 
some benefit obtained from a‘lowing cool- 
ing to take place before peening was done. 
However, the decrease in residual stresses 
was not great and left the question of 
whether the good effects that were ob- 
tained from peening the under passes were 
wiped out by the deposition of the last 
passes. 

A very clear answer to this question is 
shown in Fig. 9 by the curves for panels 8+ 
and 92. Before the last passes were de- 
posited on these panels they were com- 
pletely stress relieved by being given a full 
anneal. It will be noted that the stresses 
resulting from the deposition of the last 
passes are of the same magnitude as those 
for panel 54. These results very clearly 
indicate that if stress relief is to be ob- 
tained by peening, the last passes of welds 
must be peened. 
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The effect of peening the last passes of 
welds is shown in Fig. 10. From the 
curves for panels 97, 98, 102 and 103 it will 
be noted that there was no appreciable 
difference between the stresses obtained 
by hot and cold peening. However, there 
was a very significant decrease in stresses 
in all of these panels wherein the last 
passes were peened. But the most note- 
worthy fact is that in panels 99 and 100 
just as good results were obtained where 
only the last passes were peened. It is 
probably not significant that the residual 
stresses for panels 99 and 100 were actually 
somewhat less than those for the other 
panels. It is felt that this variation is 
what might be expected from the lack of 


cedure which greatly reduced the high 
transverse compression at the ends of the 
welds. 

The effectiveness of peening the last 
passes and 2 in. of plate metal on each side 
of the weld is also shown in the results 
obtained on the series of restrained panels. 
As shown in Fig. 12, this procedure re- 
sulted in lower longitudinal residual 
stresses than any other method tried. 
Again it is the only procedure which 
brought about any significant reduction in 
the transverse residual stresses. 

This same procedure was found to be 
even more effective on the restrained 
panels using 4-in. wide plates, as shown in 
Fig. 12. One can thus conclude that to 


venting cracking during, or immediately 
following, welding. 


Conclusions 


From these tests the following conclu- 
sions are drawn (these apply to peening 
blows up to the intensity obtainable with 
a No. 2 Boyer air hammer, or equivalent, 
using 95-105 psi. air pressure, with the 
tool traveling about 12 in. per minute): 

1. In butt welds hot peening does not 
reduce residual stresses unless the last 
passes are peened. 

2. The longitudinal residual stresses of 
welds may be reduced to less than 25,000 
psi. by peening the weld after it has been 
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precise control which had to accompany 
the peening procedure. It thus appears 
that if only the weld metal is to be peened, 
it is only necessary to peen the last passes 
after they have cooled in order to get 
maximum reduction of residual stresses. 
Since .the plate metal immediately ad- 
jacent to the weld bead is also in a state of 
rather high tension, the question naturally 
arose as to whether further reduction in 
residual stresses could be obtained by 
peening not only the last passes but also 
this adjacent plate material. Figure 11, 
showing the curves for panels 104 and 105, 
indicates that by peening a 2-in. strip on 
each side of the weld bead in addition to 
the last passes after the panel had cooled 
was very effective. The maximum longi- 
tudinal residual stresses obtained by this 
procedure were 18,000 psi. In addition it 
is noteworthy that this is the only pro- 
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2-In. Strip of Adjacent Base Metal 


reduce transverse residual stresses by 
peening, the plate adjacent to the weld, as 
well as the weld, must be peened after the 
weld is completed and cool. 

It is interesting to note the magnitude 
of the transverse residual stresses for both 
series of restrained panels. For both 4- 
and 8-in. plate widths these stresses were 
between 25,000 and 30,000 psi. Thus in 
the panels investigated the magnitude of 
the transverse residual stress was not a 
function of the plate width intervening 
between the restraining connections. 

The conclusion that must be reached 
from these tests—that peening, in order 
to reduce residual welding stresses must 
be applied to the last passes of welds when 
they are cool—does not mean that peening 
in other manhers may not be an effective 
means of controlling distortion or pre- 
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completed and cooled nearly to ambient 
temperature. This procedure will not 
produce appreciable reduction of the 
transverse compression at the ends of the 
weld, or reduce the transverse tension in 
welds under transverse restraint. 

3. Peening, to obtain maximum reduc- 
tion (below 21,000 psi.) of longitudinal 
residual stresses, to reduce the transverse 
compression at the ends of welds, or to 
reduce the transverse tension in welds 
having high transverse restraint, must be 
applied to the weld and adjacent plate 
metal for at least 2 in. on either side of the 
weld after it is completed and has cooled 
nearly to ambient temperature. 

4. Deposition of the last passes of a 
weld after all stresses from previous passes 
have been eliminated will produce re- 
sidual stresses of approximately the same 
magnitude as would have existed had no 
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stress relief taken place on previous passes. 
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Foreword 


N THIS paper a summary is made of a series of ex- 
perimental programs which were carried on in the 
Welding Laboratories of the Rensselaer Polytechnic 

Institute since 1941. The initial work was sponsored by 
the Great Lakes Steel Corp. of Detroit, Mich., and has 
been continued under support from the Welding Re- 
search Council , the Resistance Welder Manufacturers’ 
Association and the Office of Production Research and 
Development, War Production Board. The W.R.C. 
Resistance Welding Research Committee appointed the 
following project committee: L. C. Bibber, Chairman, 
Carnegie-Illinois Steel Corp.; H. C. Cogan, National 
Electric Welding Machine Co.; R. T. Gillette, General 
Electric Co.; J. D. Gordon, Progressive Welder Co.; 
V. W. Whitmer, Republic Steel Corp. The advice and 
assistance of this committee was greatly appreciated. 


Summary 


This report summarizes the optimum welding condi- 
tions for the spot welding and tempering in the welding 
machine of eight different steels in a variety of thick- 
nesses. From these data general relationships have been 
established which are of important application to the 
selection of welding conditions for making tempered spot 
welds in any high-tensile carbon or low-alloy steels with- 
in the thickness range from 0.018 to 0.125 in. 

It is shown that great improvements in the mechanical 
properties of the welds are obtained through tempering 
in the welding machine. The greater the hardenability 
of the steel, the more will the mechanical properties be 
improved. In addition, the improvement in mechanical 
properties of spot welds by tempering is greatest in the 
thinner gage materials. 


Introduction 


The feasibility of making tempered spot welds in thin 
gage steels was established in this laboratory in 1941." ? 
However, it was felt that before the process could have a 
wide adoption in industry, data on a variety of steels in 
several gages were necessary. Therefore, a series of in- 
vestigations*~’ were undertaken to determine the spot- 
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welding conditions of hardenable plain-carbon and low- 
alloy steelsin the 0.125-, 0.062-, 0.040-, 0.031- and 0.018- 
in. thicknesses. It was found that when hardenable 
steels are spot welded the subsequent rapid cooling re- 
sults in a brittle martensitic structure with poor mechan- 
ical properties. Tough ductile welds may be obtained 
by passing a short postheat current after the weld has 
cooled to martensite. This raises the temperature to a 


_value just below the austenitization range, producing a 


tempered structure. 

This report summarizes the optimum welding condi- 
tions for the spot welding and tempering of all the steels 
investigated to date. From these data a general pro- 
cedure has been established for the selection of spot-weld- 
ing conditions for any high-tensile carbon and low-alloy 
steel in all gages up to and including 0.125-in. material 


Material 


The chemical analysis and mechanical properties of 
the steels investigated are given in Tables 1 and 2. The 
surface of the material was pickled and oiled by the man- 
ufacturer. In some cases the surface of the material, 
after a trichlorethylene vapor degreasing treatment re- 
vealed that the pickling treatment by the manufacturer 
had not satisfactorily removed the surface scale. Con- 
tact resistance measurements were found to be a satis- 
factory index of surface conditions necessary for making 
tempered spot welds. Unsatisfactory material, as 
received from the manufacturer exhibited sheet-to-sheet 
and electrode-to-sheet contact resistances of over 1100 
microhms after a degreasing treatment. The tempered 
spot welds in such material showed considerable incon- 
sistency. By proper repickling or alundum grit blasting 
the contact resistance was lowered to approximately 25 
to 30 microhms, and with such material satisfactory welds 
were obtained. 


Equipment 


Electronic control equipment provided accurate tim- 
ing of the duration of the weld current, cool period and 
temper current. The magnitudes of the weld and tem- 
per currents were varied by means of phase shifting. 
For welds made with timing periods of 10 cycles or greater 
an electric timer utilizing a pair of precision synchro- 
nous clocks was employed to check the times. Shorter 
time intervals for welding necessitated the use of a cycle 
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Table 1—Mechanical Properties 


Yield. 
Strength 


Heat No. Condition 
Annealed Soft 
Half-hard 


Gauge_ 
NAX 9115 0,040 
0.040 
0.070 


50,000 
90,000 
Annealed Soft 50,000 


0,070 Half-hara 90,000 
69,210 
60, 980 
61,600 
46,000 
72,000 
85,240 
80 , 300 
83 , 660 
57,000 
78, 230 
78,710 
83 , 760 
70,000 


NE 8715 0,018 Normalized 
Drawn 
Normalized 
rawn 
Normalized 
Drawn 


Hot Rolled 
Hot Rolled 


0,062 
0,125 
SAE 1020 0,040 
SAE X-41% 0,040 
NE 8630 0,031 
0.062 
? 0.125 
SAE 1035 0.040 
SAE 4340 0.0351 


0,062 


Normalized 
Drawn 
Normalized 


awn 
Normalized 
awn 
Hot Rolled 
H-31870 Normalized 
awn 
Normalized 
rawn 
Normalized 
Drawn 
Hot Rolled 


H-21450 
0,125 


SAE 1045 0.040 


Ultimate 
Strength Elongation 


psi 
70 , 000 


98,000 
70 ,000 
98,000 
84,970 
78, 280 
81, 690 
66 ,000 
95,000 


104, 600 


99 , 360 


103 , 300 


87,000 
93,320 
99 , 460 


102,140 
110,000 


recorder. The weld and temper currents shorter in dur- 
ation than 30 cycles were measured by means of a pointer- 
stop ammeter with a clamp-on current transformer for 
use in the primary circuit. Longer current times per- 
mitted the use of an Esterline-Angus strip chart record- 
ing ammeter for measuring the currents. 


Testing 


In determining the optimum welding conditions for 
tempered spot welds, four mechanical tests were em- 
ployed, namely, the normal tension, shear, normal im- 
pact and shear impact tests. The standard U-shaped 
tension specimen was used for the determination of the 
normal tension strength in the early investigations with 
0.040- and 0.070-in. thickness material. Since this shape 
test specimen could not be used for sheet thickness of 
'/s-in. due to the difficulty of bending to form the U, a 
new test for normal tension was de- 
veloped. The specimen for this test 


ping two pieces of metal and joining them by a single 
spot weld. 

In order to investigate more thoroughly the weld prop- 
erties, impact tests were used. For testing spot welds 
in 0.125-in. material, a normal tension impact test was 
developed. The specimen for this test consisted of two 
2- X 6-in. pieces welded in the form of an overlapping 
cross. To minimize bending of the specimen, reinforcing 
plates were attached. A modified Fremont impact 
tester was used to test these welds. A falling forked 
weight was designed to apply an impact load simultan- 
eously to both ends of one plate of the specimen. The 
other plate was clamped rigidly in the jig. The excess 
energy was absorbed by two calibrated steel springs. 

Because of the difficulty in minimizing specimen bend- 
ing when testing the normal impact strength of welds in 
material less than 0.125-in. thickness, a shear impact test 
was used with the thinner gages of material. The shear 
impact strength per spot was obtained from a pendulum * 


consisted of two plates 2 X 6 in. 
welded together at the center of an 
overlapping cross. A %/,in. hole, 
drilled 1 in. from the end of each 
piece, permitted bolting the specimen 
in a jig which was designed to pre- 
vent excessive bending of the plates 
while applying a tension force normal 
to the weld interface. The jig was 
pulled in a standard tensile testing 
machine using a self-aligning fixture 
in the same manner used for the 
U-shaped specimen jig. Since this 
new type specimen was found to be 
more satisfactory, it was adopted 
for the testing of spot welds in nor- 
mal tension for all thicknesses of 
material. 

The shear strength was measured 
on a specimen obtained by overlap- 


NAX 9115 
NE 8715 
NE 8715 
SAE 1020 
SAE X-4150 
NE 86350 
NE 86350 
NE 8650 
NE 86350 
SAE 1035 
SAE 4340 
SAE 4540 
SAE 1045 


— 


Table 2—Chemical Analysis - 


0,14 0.65 
0,155 0.82 
0.165 0,80 
0.21 0,46 
0,30 0,50 
0,52 0.79 
0,295 0.77 
0.50 0,85 
0,315 0,86 
0.31 0.79 
0.40 0,72 
0,58 0,60 
0.48 0.79 


0.017 0.021 0.84 
0.017 0,030 0,25 
0.025 0.026 0.31 
0,008 0,025 - - 
0.016 0.028 0.25 
0.019 0,023 0,26 
0.016 0,020 0,25 
0.017 0,020 0,24 
0.016 0,020 0.28 
0.012 0.026 - 
0.019 0.018 0,24 
0,016 0,018 0.22 
0.009 0.022 - «- 
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A.S.T.M, 
Hardness Grain 
Rockwell Size Yo, 
28 -- -- 
20.5 85 -- 
23,0 87 -- : 
25.0 87 -- 
28 -- 8 , 
18. -- 8 
22 9-10 
17,5 90 -- = 
22,0 94 -- 
23.5 95 -- 
12 ? 5 
zr 
-- 0,587 N41 0.11 
$6329 0,51 0.46 0.20 
53656 0.59 0.53 0.23 ad 
-- -- 0,96 0.19 
45891 0.52 0.86 0.19 
43457 0.65 0,50 0,22 
45939 0,53 0.52 0.21 - @ 
49326 0.57 0.54 0.21 
H-31870 1,78 0.68 0,22 -- 
H-21450 1.77 0.77 9,23 
|| 625-s 


Table 3 
Dinaster/ Dinsoter? 
ameter lameter, Thickness Diameter Force, 
0.018 0.10-0.11 1/8 5,8 1,1 . 350 
0,031 ©,16-0,17 3/16€ 5,3 1,1 800-900 
0.040 0.21-0.23 1/4 5,5 1,1 1000-1475 
0.062 0,27-0.28 5/16 4.4 1,i 1600-2000 
0.070 0.31-0.32 11/32 4.5 1,1 2525-2800 
6-125 0.54-0.56 5/8 4.4 1.1 4500-5500 


type machine adapted with sheet tension grips of suffi- 
cient size to accommodate the same size specimen as was 
used for the shear strength test. Extensive use was made 
of a chisel test to determine the weld diameter and to 
locate trial ranges of proper heat-treat current. Evi- 
dence of proper cool time between weld and temper and 
also the extent of tempering was provided by hardness 
surveys of weld sections. 


Selection of Welding Conditions 


As a result of the work done in all of the investigations 
some generalizations can be made regarding the estab- 
lishment of welding conditions for any steel in the thick- 
ness range of 0.018 to 0.125 in. 


Weld Diameter 


Previous experience in this laboratory indicated that 
a spot weld diameter of at least three times the sheet 
thickness was required to obtain satisfactory consistency. 

Work on tempered spot welds has indicated that for 
higher strength steels greater weld diameter/sheet thick- 
ness ratios are required. This ratio is in general higher 
for thinner materials. For example, tempered spot 
welds in 0.040-in. material require a wéld diameter/ 
sheet thickness ratio of 5'/; where a ratio of 4'/s is suffi- 
cient for 0.125-in. material. Table 3 gives recommended 
weld diameters for all thicknesses of material studied. 


Electrode Shape and Size 


In the early investigations'~* flat electrodes were em- 
ployed. Later work showed that better current distri- 
bution and Jess shéet distortion is obtained with dome- 
shaped electrode contacting surfaces of restricted diam- 
eter. It was found desirable to restrict the electrode 
contact surface to a diameter of about 1.1 times the weld 
diameter. When the electrode contacting surface has a 
restricted diameter less than the above value, excessive 
sheet distortion results. Larger diameter contacting 
surfaces do not provide as good current distribution, 
making consistent tempering difficult to obtain. A 
dome radius of 10 in. was found to be satisfactory when 
welding 0.125-in. material. For thinner gage material, 
a 6-in. radius dome was used. 


Electrode Force 


From the standpoint of welding equipment, sheet dis- 
tortion and electrode deformation, the lowest possible 
electrode force should be selected. However, a suffi- 
ciently high electrode force must be chosen to give reason- 
able freedom from porosity and to permit the shortest 
possible weld time without danger of expulsion. The 
tendency toward expulsion may be counteracted by an 
increase in electrode force. However, a maximum limit 
on electrode force is reached when sheet distortion or 
electrode deformation become excessive. Since the se- 
lection of the proper electrode force depends on the 


Table 4—Recommended Conditions for Spot Welding Hardenable Steels 


Vela 
Diameter 


Weld 
Current 
in 
»000 
»000 
, 600 
600 
900 


Electrode 
Force 
in 
Pounds 
{See note 5) 
1000 
1240 
2325 
2800 


Electrode Shape 
(See Notes 3 and 4) 
Limiting Dome 
Diameter Radius 
in in 
inches _____Inches 
4° 
1/4 * 6 
11/32 ® 6 
/32 * 6 
6 


Thickness 


Annealed soft 


Half-hard 
Half-hard 
Normalized and 


Condition 
Note 


Annealed soft 
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0,27 - 0.28 
0,54 + 0.56 


0,54 = 0356 
0.21 - 0.23 


0.27 0.28 
016 - 0.17 
0,27 = 0,28 
0.54 = 0,56 
0.20 = 0.22; 


80 - 88 
61 - 85 
62 - 86 

86 
74 - 80 
64 - 88 
86 = 90 


10 
10 
10 


h flat electrodes. 
ds. 


36 
210 
20 
12 
45 
249 


180 


12,250 
22,700 
12,800 
21,800 
14,200 

8, 250 
13,900 


21,800 


13,800 


10 
45 
10 
45 
10 
45 


surfaces. 
Asterisk (*) indicates that original work was done wit 


800 
1800 


4500 


Dome-shaped contact surfaces of restricted diameter with a 30° conical approach to the contact 
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this way the total time for the welding and tempering 


operation is held to a minimum. 
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material was one of the first to be investigated, it is pos- 
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Fig. 1—Weld Time as a Function of Sheet Thickness for 


ON WELD TIME 


EFFECT OF SHEET THICKNESS 


Tempered Spot Welds 


When a tempering cycle is to be used in spot welding 
hardenable steels the shortest weld time should be se- 
This will require the minimum energy input for mak- 
ing the weld and consequently result in the fastest subse- 
By plotting on a log scale the weld times recommended 
in Table 4 as a function of the sheet thickness of material 
Since it was found in the early investigations'.*.* that 
the time of tempering is not too critical, a value of tem- 


ence, a longer weld time, more in agreement with the 
per time equal to the weld time was selected for all the 


sible that in the light of more recent laboratory experi- 
straight line relationship of Fig. 1, should be selected. 


lected in which it is possible to make a weld of the desired 
size, using a power level which avoids flashing and expul- 
quent cooling rate and shortest possible cool time. 

being welded, the relationship shown in Fig. 1 is obtained. 
From this curve the proper weld time for any thickness 
material within the range of 0.018-0.125 in. may be 
chosen, provided the weld diameter, electrode size and 
electrode force are selected in accordance with the pro- 


cedure previously discussed. Since the 0.0 


Weld and Temper Times 


Table 3 show the range of electrode force to be consid- 
sion. 


establish a general relationship for the electrode force 
which can be used for all steels within the thickness 
range considered. However, the values presented in 
ered. As would be expected, for a particular sheet thick- 
ness the greater electrode force is necessary for higher 
strength materials. 


8 
= 


SB JO Yous yenbe jo Om} Joy 

JO 

Pe PeT TOs SbOl 
oof = 00g OOSLT= COOLT 
- OSe = 0022 Tewu0y 
= O° Ts 0008 = CO6T = OFS 
93T - OOZT 
= 000LT uAtig 

0049 T= 0008 T uv 

OS = oses = oses 
- ST OSst = 
= O°OT 004 = 0F9 ‘ 
-OOST POTION 

UAB 
OOSST= OCOKT 
pezt 
Us 3308 peTeouuy 


sole aed rod 2 ° 


Orc? ZYS 
avs 


3N 
Octe=x 


3N 


SPOT WELDING HARDENABLE STEELS 


Size 3N 


| 
| 
g | 4 
| | 
| | | 
100 
1946 


1000 = T 
EFFEGT OF Mg 
ON MINIMUM COOLING TIME 
500 
THICKNESS 
w 
4 SAE. 4340 
Lye 8630 
CINE 8715 
3 
0.062" THICKNESS— 0.066" 
2 so we 70" 
NAX 9115-X— 
z “SAE 4340 
w 
1045 
1020 
SAE. x-4130 = 
of } NAX 9115, 
0.031" 
3 SAE. 4340 
z 
= 5 
ne 
! 


550 650 650 
M, TEMPERATURE °F 


. 2—Minimum Cooling Time Between Weld and Temper as 
a Functiog of the Martensite Forming Temperature of the Steel 


thinner materials. In the 0.125-in. gage more uniform 
tempering was obtained by using a temper time twice the 
weld time. 


Cool Time 


The cool time which was just sufficient to allow the 
weld to transform to martensite was determined for 
welds in each grade and thickness of material. For a 
given steel this cool time varies roughly as the square of 
the thickness of the material. To determine precisely 
the proper cool time, several values of time were selected 
and welds made with varying temper current. In this 
way welds were obtained for a number of different cool 
times in which the structure varied from partly tempered 
to rehardened martensite. The welds were sectioned 
and hardness surveys made parallel to the plate inter- 
face. Tempering across the whole weld was possible 
only if complete transformation had occurred. There- 
fore, the minimum cool time could readily be determined 
from these hardness surveys. 

Since this procedure consumes a large portion of the 
time necessary for establishing welding conditions for 
making tempered spot welds in a given steel, an attempt 
was made to establish relationships which would sim- 
plify the process of finding the minimum cool time. This 
has been done in the following manner. 

When the minimum cooling times as a function of the 
temperature at which martensite formation starts, desig- 
nated as the M, temperature, are plotted for all the 
steels investigated, the relationships shown in Fig. 2 are 
obtained. Payson and Savage* have proposed the fol- 
lowing formula for the calculation of the M, temperature 
for a particular steel from its chemical composition: 


M,in° F. = 930 — 570C — 60 Mn — 50 Cr — 30 Ni — 20 
Si — 20 Mo — 20 W 
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As is shown in Fig. 2, with the log scale used for plotting 
cool time, all points in a given thickness range from 
0.040 to 0.125 in. fall on a straight line. The slope of the 
straight lines in the thickness range from 0.040 to 0.195 
in. is approximately constant. If a straight line were 
drawn through the points for the 0.031-in. thickness 
material, the slope would be considerably less. How- 
ever, additional data are necessary to determine the po- 
sition of both the 0.031- and 0.018-in. thickness lines. 
The relationships presented in Fig. 2 are of important 
application in the selection of welding conditions for 
making tempered spot welds. From the data presented 
it is possible to develop a chart from which the proper 
cool time for any gage, within the range of 0.040 to 0.125 
in., can be determined for a steel of known composition. 
The effect of sheet thickness on the minimum cooling 
time is shown in Fig. 3. These curves are obtained by 
plotting the values of minimum cool time for various 
thicknesses of material having M, temperatures of 552, 
648 and 746° F. as given in Fig. 2. The particular values 
for the constant M, curves shown in Fig. 3 were chosen 
to correspond to the M, temperatures for the 0.031-in. 
SAE 4340, 0.031l-in. NE 8630, and 0.018-in. NE 8715, 
respectively. In this way it is possible to show that a 
change in the shape of the curve exists below a sheet 
thickness of approximately 0.040 in. If a log scale is 
used for plotting cool time as a function of sheet thick- 
ness, a straight line relationship exists, as shown in Fig. 
4 and the change in slope below the sheet thickness of 
approximately 0.040-in. thickness is more evident. 
» In order to cover the full range of M, temperatures for 
the steels investigated, an additional M, temperature 
line of 800° F. was added. The values were taken from 
the sheet thickness lines in Fig. 2 in a manner similar to 
that used for obtaining the 552, 648, and 746° F. M, tem- 
perature lines. From Fig. 4 it is then possible to con- 
struct a chart for finding the minimum cool time for any 
steel of known composition in the sheet thickness range 
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of 0.040 to 0.125 in. Such a chart is presented in Fig. 5. 
In using this chart it is necessary that the other welding 
variables such as weld diameter, electrode size, electrode 
force and weld time be selected according to the pro- 
cedure previously described. 

Other investigators as Grange and Stewart® have pro- 
posed formulas for calculating M, temperatures which 
differ slightly from values obtained with the Payson and 
Savage formula. Similar graphs to those of Figs. 2-5 
could be drawn using these other values for M, and the 
same type of relationships would be found. However 
once the graphs are drawn using a given formula to cal- 
culate the M, of the steels, it is imperative that the same 
formula be employed in making use of the graphs for 
finding the proper cooling time for some other steel. 
Therefore, when referring to Figs. 2-5, the Payson and 
Savage formula must be used for calculating the M, tem- 

ature. 

Although cool times for sheet thicknesses below 0.040 
in. are not included in Fig. 5, approximate times may be 
estimated from Fig. 2. Data on a few more steels in 
this range of thinner gages would permit an extension of 
the minimum cool time chart, Fig. 5, to include gages 
below 0.040 in. 

Since the determination of the proper cool time is the 
most time-consuming operation in the establishment of 
optimum welding conditions, the simplification provided 
by the above relationships greatly aids in the use of the 
tempered spot-welding process. 


Temper Current 


Having found the cool time, normal tension specimens 
are made at various temper currents to find the optimum 
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value of postheat current. The normal tension test re- 
sults are supplemented by shear and impact tests. 

A complete listing of the recommended welding condi- 
tions for all the various grades and thicknesses investi- 
gated is given in Table 4. 


Test Results 


Table 5 gives comparative data for as-welded and tem- 
pered spot welds. The test results illustrate the remark- 
able improvement in mechanical properties which can be 
obtained by tempering spot welds in the welding machine. 
The most striking change is the great improvement in 
normal tension and normal impact strengths for these 
steels. Tempering is evidently of great value in improv- 
ing the shock resistance of spot-welded structures. The 
greatest improvement in the mechanical properties of 
spot welds is shown in the more hardenable SAE 4340 
and SAE 1045 steels. This emphasizes the important 
fact that improvement in properties increases with the 
hardenability of the steel. In addition, a comparison of 
the mechanical properties of spot welds in NE 8715, NE 
8630 and SAE 4340 shows that the improvement in me- 
chanical properties of spot welds by tempering is greatest 
in the thinner gage materials. 

The most critical of the welding variables involved in 
the production of tempered spot welds is the magnitude 
of temper current. For alloy steels there is a sharp peak 
in the curve of normal tension strength as a function of 
temper current. This would make it difficult to obtain 
the maximum possible improvement in normal tension 
strength under production conditions. However, sub- 
stantial improvement may be obtained over a reasonably 
wide range of temper current. This same condition is 
also true for the impact strength values. Referring to 
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the values of normal tension strength and impact strength 
presented in Table 5, the lower value is that which may 
readily be achieved in production since it will be exceeded 
over a considerable range of temper current. The higher 
value is critically sensitive to temper current. The range 
of recommended temper current given in Table 4 is that 
over which the lower value of normal tension strength 
shown in Table 5 will be exceeded. The narrow range in 
which optimum properties are obtained shows the neces- 
sity of very close control. Lengthening the time of the 
tempering operation does not make it less critical. 

Since the normal tension test is highly susceptible to 
changes in temper current, it is therefore the most de- 
sirable test for production control of the process of mak- 
ing tempered spot welds. The normal tension impact 
strength is also a good criterion of the effectiveness of the 
tempering operation, and for the more hardenable steels, 
SAE 4340 and SAE 1045, the shear and shear impact 
strengths give a } satisfactory indication of proper tem- 


pering. 


Conclusions 


1. Tempering in the welding machine is very advan- 
tageous in improving the mechanical properties of spot 
welds in the gages and steels covered by this investiga- 
tion. 

2. Tempering is of greatest value in improving the 
normal tension strength and shock resistance of spot- 
welded structures. 

3. The improvement in mechanical properties by 
tempering increases with the hardenability of the steel. 
4. A comparison of the mechanical properties of spot 
welds in NE 8715, NE 8630 and SAE 4340 showed that 
the improvement in properties of spot welds by the 


tempering is greatest in the thinner gage materials. 

5. Definite relationships have been established which 
are of important application to the selection of proper 
welding conditions for making tempered spot welds in 
any high-tensile carbon or low-alloy steel within the 
range of thickness from 0.018 to 0.125 in. 

‘6. Relationships have been established for the selec- 
tion of the weld diameter, electrode size, electrode force, 
weld time and temper time for steels within the range of 
thickness from 0.018 to 0.125 in. 

7. The minimum cool time after welding and before 
tempering increases with the hardenability of the steel, 
A definite relationship between chemical composition and 
minimum cool time has been found for steels within the 
range of thickness from 0.040 to 0.125 in. 

8. A clean scale-free surface is necessary for the con- 
sistent heat treatment of spot welds. 
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Introduction 


the nation’s total production of steel, cast iron and 
aluminum, is vitally interested in any fabrication 
method which will lead to wider application and more 
efficient utilization of these products. Since the South is 
also interested in encouraging and promoting new indus- 
tries for the general improvement of its economic status, 
it is apparent that the development of cheaper and better 
fabrication methods will be an extremely important fac- 
tor in enhancing the competitive position of these new in- 
dustries. Older industries are likewise seeking improved 
manufacturing methods and new outlets for their prod- 
ucts. Consequently, there is at the present time a very 


G tecaasin industry, being a large contributor to 
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Welding Research as Applied 


South 


By W. W. Austin, Jr., and E. N. Kemlert 


pronounced trend toward the application of organized 
scientific research in finding satisfactory fulfillments of 
these needs and suitable answers to the numerous prob- 
lems that naturally arise from the accelerated growth and 
development of many new industries. 

It will be the purpose of this paper to present a dis- 
cussion of the present status of recent developments and 
current problems in the utilization of welding as a fabri- 
cation method in the South. Because of the large extent 
of the South, it is impossible to cover all of the develop- 
ments that are taking place. It is felt, however, that the 
paper gives a general perspective of the more important 
developments and needs for further application of re- 
search that are most urgent in this area. Of particular 
interest to many of the South’s metal fabricating plants 
are new methods for welding and also improved methods 
of evaluating experimental results in the field of welding 
and design analysis. 

In recent years welding research has grown from its 
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former status of routine, hit-or-miss experimenting in the 
shop into a fully recognized technical science that makes 
use of highly specialized methods in many different but 
related scientific fields. It is a type of research that re- 
quires the bringing together of knowledge from widely 
divergent sources and integrating it into intelligent and 
useful solutions to the problems at hand. Among the 
many fields of applied science that are associated with 
welding research are included such subjects as metallurgy 
chemistry, physics and several phases of engineering such 
as electrical engineering, stress analysis, design analysis 
and performance testing of various types. Although the 
metallurgist, for example, may be fundamentally inter- 
ested in the study of such problems as microstructure, 
heat treatment or weldability, he must at the same time 
recognize the importance of the other contributing fac- 
tors. Such items as chemical analysis of both the weld 
metal and the parent metal, the physical design of the 
welded joint, as well as performance data on the com- 
leted structure, are all important and must all be con- 
sidered in their proper relationships to each other before 
complete results are obtained. 

The many important developments that have been 
made in the various fields enumerated above are of great 
value to the progress of welding research in its present 
day form. For example, in the fields of chemistry and 
metallurgy, the use of X-ray diffraction methods and 
spectrographic analysis has remarkably improved 
methods of attack upon welding problems involving diffi- 

culties in composition and constitution of alloys. 1n the 
field of design analysis, remarkable strides have beeu 
made in instrumentation for the measurement of internal 
stresses, stresses under load and other contributing fac- 
tors. The utilization of modern techniques such as the 
electric strain gage, stresscoat and photoelastic studies in 
the evaluation of design problems and stress distribution 
has been of prime importance to the engineer. Improve- 
ments in fatigue testing methods and equipment permit 
the evaluation of this property of metals. Still other im- 
portant developments in the engineering phases of weld- 
ing research deal with the evolution of various mathe- 
matical factors which the designer can use in calculating 
stresses in structures, machine parts and many other 
applications. 

If welding is to be economically applied to modern 
fabrication processes and to be competitive with other 
available methods, it is necessary that the techniques and 
procedures developed shall be capable of evaluation as to 
the actual performance and serviceability which they will 
produce. There is increasing need for better engineering 
data which will permit the simple calculation of required 
dimensions and of the loads that can safely be carried 
by a large number of different types of design. If welding 
research fails to provide this type of information and 
fails to bring together with due consideration all of the 
related information obtained through the metallurgical, 
engineering, chemical and physical studies, then it still 
remains an empirical art, and the most efficient utiliza- 
tion of welding as a production method will certainly fail 
to be realized. 

In obtaining the data for this paper, an attempt was 
made to contact typical representatives of industries in 
each of the various metal fabricating fields that normally 
make use of welding as a production method, and to se- 
cure from them information regarding new developments 
in their particular line of endeavor, as well as current 
opinions as to the need for further research and develop- 
ment in their respective fields of welding. The following 
representative types of industry were contacted for in- 
formation in this regard: the construction and building 
industry, the shipbuilding industry, the heavy equip- 

ment fabrication industry, the ferrous castings industry 
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and the aluminum and light metal alloys industry. 

Generally speaking, it was found that many southern 
industries are interested in research and development in 
the field of welding, and several important developments 
had been accomplished in this area during the war period. 
However, no comprehensive welding research programs 
are being carried out in the south at the present time. The 
general consensus of opinion in this regard is that al- 
though most of the companies recognize a definite need 
for further research on numerous problems which they 
have encountered in production, few of them are in a 
position to carry out an organized comprehensive re- 
search program in this type of work. 


Welding Research in the Steel Fabrication Industries 


Considerable emphasis was given to the utilization of 
welding as a production method in the southern steel fab- 
rication industries during the war era. Rapid production 
rates and improved costs resulted. The widespread ad- 
vance of welding in the steel fabrication industry is per- 
haps most notably illustrated in the current trend toward 
the substitution of welding for riveting in practically all 
types of steel plate construction. In the shipbuilding and 
pressure vessel production fields, welding has superseded 
riveting. 

Significant progress has been made in the following 
phases of welding engineering, through research activi- 
ties, within the past five years: 

1. Stress distribution in the vicinity of welds and its 

correlation with distortion. 

Causes and effects of porosity and inclusions. 

Weldability and crack sensitivity of various alloys. 

Electric resistance welding techniques. 

Casting repair and salvage. 

Performance testing of welded joints including 
fatigue testing. 

Improvements in the utilization of oxyacetylene 
cutting equipment and its widespread adaption 
as a production tool. 

One large heavy equipment manufacturer presently 
employs a.c. arc welding extensively in the fabrication of 
intricate welded joints, thereby gaining the advantages of 
freedom from magnetic arc blow and decreased power 
consumption and maintenance costs. This particular 
organization has done a great deal of work in the develop- 
ment of welding techniques and control measures toward 
the improvement of the general quality of welding in 
their large-scale production factories. One outstanding 
achievement was the development and installation of 
manufacturing equipment for producing their own weld- 
ing rods, a procedure which was found to be of consider- 
able economic value in improving the over-all costs of 
their welding operations. In the manufacture of certain 
parts for earth-moving equipment that are subject to ex- 
treme wear and abrasion, the development and utiliza- 
tion of hard-surfacing welding alloys applied to the wear- 
ing surface by arc welding is another important accom- 
lishment. Other achievements noted were the develop- 
ment of extensive training programsand qualification tests 
for individual welding operators in an effort to insure uni- 
form quality of welds at all times. 

In the engineering field, improvements in the design of 
welded joints to increase joint efficiency and economy of 
fabrication have marked an important step in this phase 
of endeavor. The utilization of modern brazing tech- 
niques, involving induction heating equipment and con- 
trolled atmosphere furnaces has led to the greatly in- 
creased production of intricate small parts and assem- 
blies which otherwise required many man-hours of labor 
for preparation and welding. 
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Another outstanding departure from traditional and 
often outmoded manufacturing methods is the recent 
announcement by a large southern steel fabricating con- 
cern of its entrance into the Diesel locomotive production 
field employing welded construction to the fullest extent 
possible.! The company, already outstanding in its appli- 
cation of welding as a production method in the ship- 
building industry, has chosen locomotive manufacture as 
an enterprise of sufficient promise to justify a consider- 
able capital outlay toward the design and application of 
welded construction as a means of producing a better 
product at a lower cost. Its first locomotive is already in 
service and is seen to fulfill important needs from the 
point of view of the nation’s transportation facilities as 
well as from the point of view of southern manufacturers 
who stand to benefit from diversification of industry. 


Among the needs which may be listed for improve- 
ments and additional developments in the field of welding 
in steel fabrication industries can be listed the following: 


1. Improved techniques for the repair welding of 
tools, dies and large castings. 

2. The extended application of electric resistance 
welding, especially spot welding to large-scale, 
heavy-gage production materials. 

3. Additional detailed information regarding time and 
temperature requisites for preheating and post- 
heating of welded joints in many materials. 

4. Further studies in the prevention of distortion in 
the welding of large cross sections and ex- 
tremely long structural members are desirable. 

5. Additional information in the field of weldability 
and the control of underbead cracking during the 
weiding of medium carbon and alloy steels. 

6. More reliable methods for the inspection and evalu- 
ation of welding defects in general. 


Cast-Iron and Cast-Steel Welding Practices 


Important developments in the welding of cast ferrous 
alloys have been made in the south in recent years. 
Progress has been made in the bronze welding of cast-iron 
pipe,’ in the welding of propulsion shafting for ships* and 
in the salvaging of ferrous castings of various types. In 
the study of welding of cast-iron pipe, one of the leading 
pipe foundries in the Birmingham district has conducted 
experiments and made careful studies of various types of 
welds, such as the bronze weld and the cast-iron fusion 
weld, for the purpose of developing a dependable and 
serviceable method of welding plain-end cast-iron pipes 
in the fabrication of large diameter, continuous pipe lines. 


In the development of a technique for bronze welding, 
it was found that the shear V type of joint produced a 
weld having excellent service characteristics as compared 
to that of the cast-iron pipe itself. Tests on bronze- 
welded shear V joints showed a bursting strength approxi- 
mately 75% of that of the parent metal, a transverse 
strength of approximately 55% of that of the unwelded 
pipe, with impact properties equal to or better than those 
of the unwelded pipe. The advantages of the bronze- 
welded joint are its greater ductility, lower cost of appli- 
cation and its reduced tendencies to produce distortion in 
welded pipe. Production figures show that the bronze- 
welded joint can be made in approximately half the time 
required for the conventional cast-iron fusion joint and 
with considerably less difficulty in preparing and manipu- 
lating the welded pipe to insure uniform heating and 
cooling during and after the welding operation. 

One of the basic needs for cast-iron welding techniques 
is the development of a procedure which will permit fu- 
sion welding of cast iron to produce a sound high-strength 


joint without inducing undesirable amounts of distortion 
in large cross sections, or causing the formation of ex. 
cessive amounts of carbides within the heat-affected zone 
of the weld. It is felt that a great deal of benefit can be 
accomplished through the development of a simple 
straightforward welding technique which will eliminate 
the usual difficulties encountered in the fusion welding of 
cast iron. Work along these lines is in progress in one of 
the southern foundries where an investigation of the use 
of high-alloy, low-melting point welding rod is being 
carried out. The use of a low-melting point filler rod 
other than bronze or brazing alloy seems desirable since 
the low temperatures required for such application would 
eliminate the difficulties encountered in conventional! 
high-temperature fusion welding at the melting point of 
the cast iron. One of the chief requisites for such a low- 
melting point material is that it produce not only a high- 
strength welded joint, but that the joint also remain com- 
paratively ductile, and have good machinability and im- 
pact resistance. 

It is obvious that the development of suitable welding 
techniques for cast iron that will overcome the sources of 
difficulty mentioned above will lead to a widespread use 
of welding as an economical fabrication method. It will 
also prove extremely valuable with regard to the repair 
and salvaging of defective castings. 

An important development with regard to utilization of 
welding as a fabrication method on steel castings was 
made as a result of an investigation of methods for the 
production of propulsion shafting for ships. As a war- 
time expedient, it was decided to substitute centrifugally 
cast shafting for the conventional forged steef shafting 
which had been traditionally used in ship construction 
work. Inasmuch as it was not feasible to cast the entire 
shaft including its end fittings in one piece, it became 
necessary to cast the cylindrical portion of the shaft as a 
unit, and weld to it suitable flanges to form the end fit- 
ings. The welding procedure finally adoped for joining 
the centrifugal castings was based on experimental work 
performed at the Naval Engineering Experiment Station 
at Annapolis. 

Although there were no outstanding achievements in 
the field of welding as such in this development, it was 
nevertheless a significant accomplisment in that a revolu- 
tionary principle of propulsion shafting production was 
introduced. The combined application of centrifugal 
casting and welding as fabrication methods was an im- 
portant step toward the speeding of production and re- 
ducing the cost of this manufacturing process. 


Welding in the Aluminum and Light Alloys Industries‘ 


Perhaps the most striking achievement in the field of 
aluminum alloy welding was the remarkable strides made 
in the application of electric resistance welding to the 
joining of aluminum alloys. Any one of the three well- 
known resistance welding methods may now be satisfac- 
torily applied to the welding of practically all of the 
wrought forms of aluminum alloys. These processes are 
spot welding, seam welding and flash welding. The most 
widely used of these, spot welding, provides the most 
efficient and fastest welding procedure known at the 
present time for the joining of assemblies of the dural 
type of aluminum alloys. One serious problem which 
was encountered in the development of resistance welding 
techniques was that of suitable surface preparation prior 
to welding. Although several methods were developed 
and extensively used, much research is still needed on this 
problem. 

Another interesting development has been the applica- 
tion of fusion welding to the repair and salvaging of 
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aluminum and light alloys castings. Techniques were de- 
veloped which, under the proper controls and inspection, 
have been found acceptable to the Army and other pro- 
curement agencies. Many expensive castings that would 
have otherwise been rejected and scrapped were salvaged 
with the resultant saving of money and all-important 
production time by utilizing the various welding tech- 
niques developed for this purpose during the war period. 

The extensive and highly satisfactory application of 
arc welding to ferrous alloys has led to the successful de- 
velopment of techniques for employing arc welding in the 
fabrication of aluminum alloys. Today aluminum may 
be are welded by any of four different processes. Three 
of these precesses, the metal arc, the carbon arc and the 
atomic hydrogen arc, are now in general widespread use. 
The inert gas-shielded arc, which was developed pri- 
marily for the welding of magnesium alloys, has also been 
successfully utilized in the welding of aluminum. It is 
felt that the inert gas-shielded arc process may be utilized 
as a starting point for the development of a suitable weld- 
ing technique for the fabrication of heat treated dural 
type aluminum alloys which cannot be satisfactorily 
fusion welded by conventional methods. 

Still another important achievement in the field of 
welding as applied to aluminum and its alloys concerns 
the development and utilization of aluminum brazing 
techniques. Generally speaking, brazed joints have a 
much neater appearance and the production of such 
joints is more economical than conventional fusion weld- 
ing methods. Another advantage of aluminum brazing 
is the fact that high-strength joints may be produced in 
the heat-treatable alloys if the parts are rapidly quenched 
after brazing and if the brazing alloy is selected so that 
the temperatures used are compatible with those for the 
correct solution heat treatment of the parent metal. An 
interesting modification of aluminum brazing has been 
the development of brazing alloys in the form of a clad 
sheet. In such cases, the aluminum brazing sheet con- 
sists of a standard aluminum alloy core coated either on 
one side or on both sides with a thin layer of brazing 
alloy. This type of product is particularly suited for use 
in furnace-brazing applications where assemblies of small 
parts which have been stamped or formed from the clad 
brazing sheet may be correctly positioned and placed in 
the brazing furnace. When heated to the required tem- 
perature, the coating of brazing alloy melts and produces 


a very neat and effective joint at the contacting surfaces 
of the assembled parts. 

The widespread use and extensive developments of 
welding methods for the fabrication of aluminum alloys 
have led to the need for very careful control and close in- 
spection of the welded joint. In this respect, many tests 
and methods of examination have been worked out and 
extensively used. The qualification of welding operators 
through the use of such tests as those required by the 
Army and Navy Air Forces and various industrial organi- 
zations has been an important factor in developing 
satisfactory welding operators. 

In the actual inspection of welds, specialized methods 
such as radiographic inspection and fluorescent particle 
inspection (Zyglo) have been especially valuable. Ex- 
tensive work was done in the field of radiographic inspec- 
tion of spot-welded joints in aluminum alloys, and much 
useful information was made available through correlat- 
ing the results visible on the X-ray film with the actual 
structure and physical properties of the spot-welded 
joint. Simultaneous with these developments in the field 
of radiographic inspection of spot welds, an exhaustive 
study was carried out in the aircraft industry concerning 
the use of statistical quality control as a production pro- 
cedure for improving the results obtainable through the 
use of spot welding. Hundreds of thousands of tests were 
conducted and the compilation of data thus obtained re- 
sulted in improvement in spot-welding techniques to such 
an extent that this method, although formerly considered 
as quite unreliable, was in recent years applied to the fab- 
rication of critical aircraft structures such as wing mem- 
bers and control surfaces. 

It is hoped that this brief review of the major improve- 
ments made possible through welding research during the 
war period will be of benefit in pointing out additional 
ways of improving the results and widening the scope of 
application in which the various types of welding may be 
utilized. 
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Abstract 


It has been found in an investigation - 


of the effect of welding on the temperature 
at which a change from ductile to brittle 
failure occurs in high-tensile low-alloy 
steel, that welding frequently raises the 
transition temperature of a steel. Two 
weldability test specimens, the Charpy V- 
notched bar and a hitherto unreported 
specimen—the high-constraint nick bend, 
were found suitable for comparing the 
performance of welded and unwelded 
plate at various temperatures. The two 
specimens did not agrec in some in- 
stances, however, as to whic’ of the steels 
investigated were most affected by the 
welding process. 


Introduction 
Statement of the Problem 


N recent years, a number of service fail- 
ures have occurred in our merchant 
ships in spite of the fact that the steel from 
which they were made met existing speci- 
fications. This fact has forcefully brought 
the attention of the fabricator to bear on 
the effect of service temperature in reduc- 
ing the notch toughness of many of the 
steels used in ship construction. An 
examination of the ship failures usually 
indicated cleavage fractures attended by 
little or no plastic deformation, a combina- 
tion which proved to be characteristic of 
ship failures. Subsequent examination of 
the notch toughness of the failed plate 
frequently showed the change from ductile 
to brittle behavior to occur at or above 
ordinary service temperature. 

The question quite naturally arose as 
to the effect of welding on the transition 
temperature of a plate material. Conse- 
quently, it was the object of this investiga- 


tion to find a weldability test specimen - 


which would determine the transition tem- 
perature of a steel and at the same time 
reproduce the fracture characteristics 
observed in brittle ship failures. How- 
ever, before such a test has practical signi- 
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ficance, i.e., before the indicated tran- 
sition temperatures can be used to predict 
the temperature at which a given structure 
will fail, a correlation must be established 
between the data obtained using the small 
scale laboratory test specimen and the 
performance of full scale structures in serv- 
ice. It is to be expected that the transi- 
tion temperature of a plate incorporated in 
the structure of a ship would be higher than 
that indicated by an ordinary weldability 
test specimen since the transition tem- 
perature is known to be raised as the de- 
gree of constraint is increased. 


Known Facts Bearing on the Problem 


Metallurgists have recognized for some 
time that notch sensitivity of steel is in- 
creased as the temperature is lowered. 
Furthermore, the few data that have been 
reported showing the effect of temperature 
on the notch sensitivity indicate that weld- 
ing raises the transition temperature of 
some steels. The information afforded 
by tests at room temperature is lirhited. 
If the fracture is described, the transition 
may be assumed to be either above or 
below the temperature of test depending 
upon whether the fracture was reported 
to be ductile or brittle. 

The effect of welding upon the notch 
sensitivity of plain-carbon and low-alloy 
steel plate was described in Naval Re- 
search Laboratory Report M-1544 (June 
1939). The use of single- and double- 
width bars of the Charpy V-notch type 
was proposed for determining the effect of 
welding on the notch toughness of plate. 


High -Tensile, 


The welded specimens were notched in 
the weld bead with the apex of the y- 
notch touching the fusion line. All tests 
were conducted at a single temperature. 
However, the importance of fracture type 
was recognized; i.e., it was reported 
whether the fracture indicated a ductile 
or a brittle type failure. 

Naval Research Laboratory Report 
M-2352 (Sept. 1944) proposed the bead 
weld nick bend specimen as a means of 
determining the effect of welding upon the 
ductility of the heat-affected zone of a 
steel. An examination of the fracture or 
of the load-deflection diagram indicated 
whether the transition temperature was 
above or below the temperature of test- 
ing. However, in order to actually de- 
termine the temperature at which a change 
from ductile to brittle failure would occur 
in a steel for the particular conditions of 
constraint and rate of loading employed 
in the test, it would be necessary to in- 
vestigate a range of testing temperatures. 

Three variables are currently recog- 
nized as influencing the change from duc- 
tile to brittle type failure: (1) tempera- 
ture, (2) degree of constraint and (3) rate of 
loading. In recent work on this subject, 
DeForest and Shepler of the Massachu- 
setts Institute of Technology” have stated 
that rate of loading, degree of constraint 
and temperature are interdependent vari- 
ables, while transition temperature itself 
is a function of the steel-making practice, 
the rolling-mill practice and the degree of 
strain aging. These latter variables, upon 
which transition temperature depends, are 


Table 1—Chemical Composition 


c 0.20 0.15 0.14 0.14 0.17 0.17 0.24 0.16 
Mn 0.34 2,12 2.24 0.54 1.27 1.11 1.23 2.21 
Si 0.01 0.29 0.35 0.22 0.30 0.27 0.30 0.25 
s 0.019 0.020 0.025 0.030 0.020 0.038 0.022 0.029 


. 0.02 0.22 0.03 <0.01 
cr 0.04 0.05 0.07 0.04 0.09 0.08 0.11 0.03 
Al <0.010 0.010 <= 0.010 0.036 0.025 <0.010 0.036 <0.010 
0.040 0.034 <0.005 <= 0,005 <0.005 < 0.005 <0,005 
y 0.012 0.008 <0.005 0.017 0.017 0.010 0.017 


NOTE: All steels 40.8 pound gage (one inch thick). 
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NOTGH 0.010" RADIUS 


DIRECTION 
OF ROLLING 


2.165" 0.010" 


SCRIBED LINES ON A MACRO- 
ETCHED SURFACE LOCATE THE 
NOTCH IN THE BEAD WELD WITH 
THE APEX TOUCHING THE FU- 


properties of the plate; whereas, degree of 
constraint and rate of loading depend upon 
the test specimen used. 

A survey of research projects by a board 
of investigation convened by order of the 
Secretary of the Navy* to determine the 
relative importance of the various factors 
thought to contribute to ship failures 
indicated that “lack ‘of notch toughness 
at low temperature and loss of strength 
and ductility under multiaxial stresses, 
of steels used in ship building is a prime 
factor in the failure of welded ships.” 
However, as the result of a survey of the 
welded steels used in the construction of 
merchant vessels, Charpy notched bar 
tests were reported to show “‘. . .that the 
notch toughness of weld metal, including 
the heat-affected zone, is equal to or better 
than that of the base metal.”” In regard 
to the notch effect that exists at structural 
discontinuities, it was observed that ‘‘very 
high stress concentrations exist in the hull 
structure of ships. A strain concentration 
of 7 has actually been measured on a cargo 
hatch corner, the vessel being at sea.”’ 


Materials Under Test 


Of the eight steels used in this investiga- 
tion (Table 1), six were high-tensile steels 
supplied by five producers of Navy high- 
tensile steels. Steels 471 and 487 were of 
the vanadium-titanium type; 490, 502, 
503 and 504 were titanium treated; and 


Fig. 1—Charpy V-Notched Bar Details 


SION LINE 


Table 2—Tensile Properties* and Brinell Hardness Numbers 


Yield 
Strength 
psi 


32,750 
34, ,800 


¥E 


48,750 
50,150 


50, 500 
48,750 


48,900 
49,400 


50,000 
49,400 


52,500 
48,500 


48,150 
44,750 


47,100 
46,650 


88 88 88 


BE, 


Tensile 
Strength 
psi 


63,000 
$3,500 


le 
7,900 


73,500 
72,900 


72,750 
72,400 


75,150 
76,550 


73,150 
The» 750 


72,300 
72,750 


$8,500 
67,750 


Elong. Reduct. 


36 
37 


36 
35 


35 
32 


36 
32 


35 
32 


36 
32 


38 
32 


Ll 
35 


in 2" of arca 


57 
58 


71 
$1 


Hardness 
B.H.N. 


L = Longitudinal to 
principal direction of rolling. 

T = Transverse to princi- 
pal direction of rolling. 

* Nore: Figures are the 
average of two values. 


488 was of the copper-nickel type; while 
454 was a plain-carbon mild steel. 


Test Procedure 


The effect of welding on transition tem- 
perature was investigated using three 


weldability test specimens: 


the Charpy 


V-notched bar, the standard nick bend 
specimen and a hitherto unreported test 
specimen—the high-constraint nick bend. 


This latter specimen was developed at the 
Naval Research Laboratory for the pur- 
pose of increasing the constraint and, thus, 
to approach more closely the brittle frac- 
ture that has been found to be characteris- 
tic of ship failures. 


Charpy V-Notched Bar 


The Charpy bar with its V-notch ma- 
chined transverse to the direction of roll- 
ing and parallel to the surface of the plate 
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was used in investigating the effect of shown in Figs. 9 (A), 9 (B) and 9 (C). in Table 5. The relationship between 
welding on the temperature at which there The testing temperature, angle of bend at testing temperature and energy absorbed 
is a change from ductile to brittle failure. maximum load, failure type and energy after maximum load is shown in Figs, 
The welded Charpy bars were prepared § absorbed after maximum load are shown #7 (A) and 7 (B). 

as follows* (Fig. 1): Bead welds were 

deposited along the center of three 6- x Tl 
6-in. plates of each of the steels, trans- ‘ 

verse to the direction of rolling using ’ 
*/\s-in. diameter Airco 78E (E6010) elec- Table 3—Plate and Bead Welded Nick Bend Room Temperature Data 
trode and N.R.L. standard welding tech- 

nique (automatic welding: 175 amp., 


26 v., 6 in. per minute travel speed and 
reversed polarity). The three welded @ et Bax. 
plates furnished 20 specimens which were STEEL 
finish ground. The weld bead was ma- 454 L 73 al 47 Be 
chined flush with the surface of the plate 72 hod Al 43 - 
together with just sufficient metal from ‘ 
the top surface of the plate to eliminate 454 7 70 Be 45 ce 
irregularities. The specimens were etched 75 73 Al 41 43 B2 
in 5% nital solution to determine the 
location of the fusion line so that a V- 471 L 64 al 45 ue 
notch could be located in the weld metal 68 = - <9 82 
with its apex touching the fusion line. An 33 42 c2 
Amsler impact testing machine was used 
at the 220 ft.-lb. capacity with a hammer 471 61 es = 
velocity of 17.4 ft./sec. Temperature - 33 36 c2 
variation was accomplished as follows: 
below 45° F., by immersing the specimens 
for at least 15 min. in ice-alcohol 69 Al B2 
mixture at the desired temperature; from 37 B2 
45 to 212° F., in an ice and water mixture 3 aa ” 
or an electrically heated water bath; 487 T 50 Be 24 c2 
and above 212° F., in an electrically 47 49 B2 32 ce 
heated ethylene glycol bath (Table 4, 42 as ” 
Figs. 4 (A) and 4 (B)). 

488 L 62 al 29 a2 

Nick Bend Specimen 68 65 al 36 Bl 

The nick bend specimen was designed . 33 4 
for measuring the effect of welding on the 
ductility of a steel.‘ The specimens 64 = 
were prepared, longitudinal and trans- 24 31 a2 
verse, in accordance with reference 5 
(Fig. 2). The bead welds were deposited 
using */-in. diameter Airco 78 (E6010) 61 rH 
electrode with the N.R.L. standard weld- 46 Al 
ing technique. The specimens were tested Po 4 
two days after welding using a 60,000-Ib. 3s a2 
capacity hydraulic tensile machine and a 26 36 a2 
9-in. span testing jig with a 1-in. radius 490 T 47 ; a2 23 a2 
plunger. To observe the effect of tem- 48 43 a2 30 27 a2 
perature on the performance of standard 
bead weld nick bend specimens, the entire $02 L 62 al 40 c2 
female member of the testing jig was im- 74 68 -- 43 B2 
mersed in a temperature controlled tank. 38 Be 
The specimens were held in the bath for = ” . 
at least 30 min. before testing. Stress- $02 T 30 a2 268 a2 
strain diagrams were automatically re- 43 3” a2 24 a2 
corded and the energy absorbed after 
maximum load determined by measuring : 
with a planimeter the area under the stress- $03 L 70 al 52 Al 
strain diagram from maximum load to a 
load of 500 Ib. or to a load corresponding 34 4? a2 

- to an angle of 110° of bend, whichever 
was reached first. Early in the investiga- 503 T a os 
tion it was noted that the angle at maxi- 42 42 a2 
mum load did not change appreciably in 
the range of temperatures investigated; 
the greatest average deviation in the angle 73 
of maximum load was only *5°. Since ‘ 58 al 
the angle at maximum load has been found 4 50 4 
to be approximately proportional to the 
energy absorbed, only the energy absorbed 504 T $2 a2 49 az 
after maximum load was considered. A 46 49 a2 = e er 
specification set up for the purpose of 


typing failures has been found to be an 
advantageous method of taking note of h i 
: : : L = Specimen is taken longitudinal to the direction of rolling; thus, the notch is 
_ the change in energy absorption as nick teamuwenme. 
bend specimens are fractured at various T . Tremeveres. 
temperatures (Fig. 8). Typical fractures 
of the différent basic failure types are 
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Table 4—Charpy V-Notched Bar Transition Temperature Data 
PRIME PLATE SPECIMENS 


TESTING Steels 
TEMPERATURE 487 485 490 


OF Energy Absorption in ft. lbs. 


-95 
-80 
-70 
-60 
-50 
-40 
-30 
-25 
-20 


102,129 
136 


123 


126 
117,110 121 


121 123 


120 114 
119 121 
120 129 


BEAD-WELD SPECIMENS 


TESTING Steels 
— 487 468 490 


504 
Enorgy Absorption in ft. lbs. 
-95 23 20 
35 32 
31 55 
53,94 
40 »175,185 
38 203 


168 


185 


205 


--- --- --- 3 8 3 12 
--- --- 5 5 7 
woe soo ooo 7 9 - 23 
2 2 2 5 _ Sie 5 27 
--- . --- --- 7 113 4 32 
--- --- 18 88 9 45,19 167,14 
4 5 3 26 47,67 17 109 149,12 
-10 -<-- 6 --- 9 149 10 102 144 
0 6 8 6 22 130 20 106 53 3 
5 o-- coe coe 109 
10 --- --- --- --- 165 --- --- --- ; 
15 5 9 5 78 106 25 149,74 168 4 
35 5 12 8 43,49 129 112,38 129 161 
40 6 39 9 72 151 350,35 149 149 ‘ 
50 7 35,35 13 106 134 107 130 157 ' 
60 --- 39,86 --- 117 --- --- --- --- 
70 11 90,66 14 82 139 131 168 
100 22 93 --- -<-- --- --- --- --- 
105 32 95 37 90 143 Zz 131 182 
120 --- 116 --- --- --- --- --- --- 
140 173 
140 49 134 173 ee 
160 66 ee 151 173 
170 --- --- 100 --- --- --- --- ‘=== 
175 --- --- 110 --- --- --- --- --- 
180 54 115 162 ‘ 
200 61 121 169 } 
250 76 --- --- , 
20 --- --- --- --- --- 34 --- --- 
30 47 43 38 75 --- 11 40 mz 
40 32 --- --- --- --- 128,65 --- --- 
55 29 52 56 77 55 137 64 7 ; 
60 --- 48 --- --- --- --- 
70 --- 114 --- --- 106 --- --- --- 
80 33 143 42 75 92 129 55 7 
90 74 --- 122 137 62 --- 
100 99 131 104 -<—< 
110 --- 143 --- 109 129 --- 112 --- 
130 41 ore 54 100 123 120 103 --- : 
150 48 --- 76 98 --- 116 118 --- 
170 61 122 80 119 114 125 108 184 
190 61 116 90 90 104 125 123 210 : 
200 --- 132 112 --- 123 --- --- --- 
210 --- --- 131 94 111 
220 67 130 --- --- --- 
240 --- 118 117 102 114 --- 142 191 
1946 EFFECT OF WELDING ON TRANSITION TEMPERATURE 637-s ‘ 


High-Constraint Nick Bend 


The high-constraint nick bend specimen 
was developed for the purpose of restrict- 
ing deformation to the immediate volume 
of the heat-affected zone. Figure 3 
shows the specimen details and Figs. 11 
and 12 indicate the difference in the 
amounts of general deformation between 
the standard and the high-constraint nick 
bend specimens. The effect of tempera- 
ture on the energy absorption and fracture 
type of both the plate and welded speci- 
mens was investigated. The specimens 
were immersed in the temperature bath 
for at least 30 min. before loading; then 
the specimens were removed from the 
coolant and bent by means of a 60,000- 
lb. capacity hydraulic tensile machine and 
a 12-in. span jig using a 1-in. radius plunger. 
Again, as in the case of the standard 
nick bend, only the energy after maximum 
load was considered since the change in 
angle at maximum load with variation in 
temperature was low for any given steel; 
the greatest average deviation in the angle 
at maximum load was only +2°. The 
testing temperature, angle of bend at 
maximum load, the failure type and the 
energy absorbed after maximum load are 
given in Table 6. The relationship be- 
tween temperature and energy absorbed 
after maximum load is shown in Figs. 10 
(A) and 10 (B). 


Definition of Transition Temperature 


An examination of the data indicates the 
necessity of selecting a suitable definition 
of transition temperature. The fact that 
the change from ductile to brittle behavior 
(transition from high energy absorption 
to low energy absorption in fracturing) 
takes place over a range of temperature, 
rather than at some specific temperature, 
is a characteristic of the phenomenon. 
Thus, the observations should be reported 
as a range of temperature. However, the 
data on the effect of welding on the transi- 
tion temperatures of a group of similar 
steels are more easily interpreted if the 
frequent overlapping of the ranges is 
avoided by representing the transition 
range as a single temperature. 

Two definitions of transition tempera- 
ture have been selected in analyzing the 
data obtained in this investigation. The 
first, used only in conjunction with the 
Charpy bar, defined transition as corre- 
sponding to that temperature at which 
there appeared the first evidence of brittle- 
ness in the fracture (Fig. 6). The second, 
used in conjunction with both the stand- 
ard nick bend and the high-constraint 
nick bend, defined transition temperature 
as corresponding to that temperature at 
which there occurred a change from a B 
to a C type failure (Fig. 8). Both defi- 
nitions are fundamental: The first is 
related direetly to the transition from duc- 
tile to brittle failure and the second is 
dependent upon the amount of energy 
absorbed in fracturing the specimen after 
maximum load. 

Other more arbitrary definitions were 
considered and found to be either less 
satisfactory or at least no more satisfac- 
tory than the above. One of these de- 
fined transition temperature as correspond- 
ing to that tempefature on the curve of 
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Table 5—Bead Weld Nick Bend Transition Temperature Data 


Testing Angle at 
STEEL Temperature Max.Load 

Op °vend 
454 10 56 
15 53 
70 41 
70 41 
70 47 
100 49 
150 60 
175 58 
195 $2 
205 47 
210 48 
260 37 
471 30 38 
50 33 
70 40 
70 43 
70 43 
70 49 
75 33 
110 38 
150 43 
200 38 
487 40 47 
50 27 
70 40 
70 42 
70 38 
70 37 
75 37 
110 36 
140 38 
175 42 
200 39 
250 43 
488 -20 21 
-10 26 
15 38 
60 37 
70 29 
70 36 
110 33 
150 39 
180 46 
200 41 
245 34 
490 -30 23 
-20 20 
30 
19 
24 
30 20 
75 26 
100 27 
155 24 
200 29 
502 35 24 
55 28 
70 40 
70 43 
70 38 

90 a? 
100 27 
105 30 
150 29 
190 32 
250 36 
505 40 
35 37 
55 39 
75 34 
110 41 
150 45 
180 47 
504 -30 30 
-20 34 
15 39 
60 50 
70 44 
100 41 
150 43 
200 43 


# Area measured only to 110° of bend. 
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Types 


Mex. Load to 500 lbs, 
ft. lbs. 
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Fig. 4 (C)—The Highest Temperature at Which the First Evidence of Brittleness Occurred in the Fracture 
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energy absorption versus testing tempera- 
ture where the rate of change in energy 
was a maximum; i.e., the inflection point 
on the curve. Another, used in conjunc- 
tion with the Charpy bar, defined transi- 
tion temperature as that temperature 
55° F. 80° F. 
75 ft.-lb. 


corresponding to a prescribed amount of 
energy absorption (40 ft.-lb.). The latter 
was found to be entirely unsatisfactory 
for welded specimens due to an arrest in 
the drop-off in energy absorption at low 
temperature levels (Fig. 5). It is to be 


85° F. 90° F. 100° F. 
76 ft.-lb. 122 ft.-lb. 99 ft.-lb. 


noted that both of these definitions de- 
pend upon the judgment of the individual 
fairing the curve through the region of 
inherent scatter and in turn upon the a- 
mount of data available in the region of 
scatter. 


110° F. 130° F. 
109 ft.-lb. 100-ft.Ib. 


Fig. 6—Typical Charpy Series (Welded) Showing First Evidence of Brittleness 


Table 6—High-Constant Nick Bend Transition Temperature Data 


Testing — Angle ett Pailure Energy Absorbed From Testing 


Max. Types 


75 
1400 
170 
205 


Max. Load tm 500 lbs. Tempereture 
ft. lbs. Op. 


measured only to 75° of bend. 


Angle at Pailure Energy Absorbed From 
Max. Load . Types Max.Load to 500 lbs. 


7 
5 
6 
5 
8 
7 
6 
4 
6 
7 
8 


EFFECT OF WELDING ON TRANSITION TEMPERATURE 


454 19 c2 25 10 c2 
23 ; cl 50 75 8 cl 60 
24 Bl 240 150 12 cl 110 
22 a2 370 210 1s bl 280 
250 22 Al 400 . 250 10 Al 320 
471 50 26 c2 ° 25 9 c2 r) 
60 26 B2 110 75 8 cl 60 
75 28 B2 50 120 10 Bl 170 
110 27 B2 370 140 11 Bl 450 ix 
150 26 al 330 175 12 a2 650 
185 28 al 860 210 19 Al 670 
250 24 Al 870 
487 75 23 c2 0 -85 6 c2 0 
150 29 c2 0 70 c2 
170 30 c2 0 180 11 cl 170 
185 29 B2 470 210 10 cl 260 
195 28 B2 530 240 13 a2 640 ; 
250 28 Al 880 275 11 A2 640 
488 -25 17 c2 -25 4 c2 
s 24 B2 140 25 6 cl 70 2 
15 23 B2 100 70 7 Bl 250 —, 
75 21 B2 200 110 9 Bl 350 a 
11¢ 24 a2 600 145 8 A2 590 
145 24 a2 e408 180 13 A2 620 
180 22 A2 8908 
490 -28 22 c2 -50 c2 
-20 24 ce 0 -25 cl 340 
- 5 23 B2 430 0 C1 340 
15 23 660 25 a2 $40 
75 24 a2 800 75 A2 530 Nie 
150 25 Al 8308 100 710 
140 
$02 -40 17 c2 -30 c2 
-10 19 c2 0 c2 
20 24 P2 130 25 Bl 150 
50 21 a2 1000 75 A2 690 . 
75 22 A2 7408 140 9400 
85 21 A2 775% 180 910 | 
130 20 A2 460 
160 25 A2 420 
180 21 A2 540 I 
503 -40 27 c2 -30 4 c2 
-10 25 ce re) 25 a c2 0 
20 29 B2 90 50 11 Bl 180 
50 31 B2 250 8s a A2 410 ; 
75 30 A2 620 160 11 a2 430 . 
160 33 560 
504 30 26 ce 1s 8 c2 0 
50 31 B2 170 45 10 Bl 190 
75 30 B2 80 75 9 Bl 180 : 
100 32 a2 8708 100 10 A2 830 
150 33 Al 1030 150 10 Al 10308 
180 29 Al 9908 180 13 al 1@50« 
chron 
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Fig. 7,(A)—Transition Temperature Studies, Bead Weld Nick Bend Specimens 
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Fig. 7 (B)—Transition Temperature Studies, Bead Weld Nick Bend Specimens 


Discussion of Results 
Charpy V-Notched Bar 


The most expedient method of repre. 
senting the transition phenomenon in the 
case of the Charpy bar consisted of noting 
that temperature at which the fracture 
appearance showed the first evidence of a 
change from ductile to brittle behavior. 
Examination of the fracture appearances 
of the steels of this investigation (Figs. 
5 and 6) as well as steels of other investiga- 
tions showed that the upper portion of the 
transition zone is characterized by a ran- 
dom distribution of fractures that are com- 
pletely ductile and fractures that are duc- 
tile but contain varying degrees of brittle- 
ness. In general, the completely ductile 
fractures were accompanied by high 
energy absorption and the fractures con- 
taining traces of brittleness were accom- 
panied by lower energy absorption. It 
was considered that the temperature at 
which the first evidence of brittleness oc- 
curred was an indication of the beginning 
of an erratic behavior regarding the 
amount of energy absorbed in fracturing. 

Table 7A gives the indicated transition 
temperatures both before and after weld- 
ing and shows the effect of welding upon 
the individual steels—‘‘minus’’ differences 
indicating a lowering of the transition 
temperature. 

The marked rise in transition tempera- 
ture of steels 503 and 490, shown by the 
curves of Figs. 4 (A) and 4 (B) as well as 
Table 7A, indicates that the steels were 
adversely affected by the welding process. 
With the exception of steel 471, the mag- 
nitude of the differences indicating lowered 
transition temperature after welding were 
not sufficiently great to be considered 
significant. Furthermore, the 50° F. 
lowering of the transition temperature re- 
ported for steel 471 is uncertain because of 
the lack of data on the effect of welding 
between 100 and 150° F. 

It was observed that an arrest in the 
drop-off in energy absorption at low tem- 
perature levels occurred in some welded 
plate. This superior notch toughness of 
the heat-affected zone at low temperatures 
as compared to that of unwelded plate at 
corresponding temperatures is also to be 
noted in data reported by Bibber.! 


Nick Bend Specimen 


In the thickness tested, the standard 
nick bend specimen was found to be un- 
suitable for comparing the transition tem- 
peratures of welded and unwelded plate 
because the unwelded plate specimen was 
found to have insufficient constraint to 
restrict deformation to the immediate 
vicinity of the saw cut (Fig. 12). Thus, 
it was not possible within the range of 
temperatures investigated to obtain the 
combination of cleavage fracture and little 
plastic flow that is characteristic of ship 
failures. However, a comparison of 
welded and unwelded specimen perform- 
ance at room temperature showed an 
appreciable change in the load-deflection 
diagram (failure typing) for some of the 
steels under investigation as the result of 
welding; i.e., welding had raised the 
transition temperature (Table 3). It is 
to be noted that the two steels 503 and 
490 indicated by the Charpy bar to be 
most adversely affected by welding were 
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able 7A—Effect of Welding on Transition Temperature 
Charpy V-Notch 


Steel Transition Temperature 
Unwelded Welded 

OF 
490 - 20 55 
50L, - 5 
= 16 120 
40 fe) 
ise 108 100 
47). 14,0 90 
187 160 200 
454 200 218 


Table 7B—Effect of Welding on Transition Temperature 


High-Constraint Nick Bend 
Steel Transition Temperature Difference 
oF 

75 490 10 15 25 
= § 488 -10 50 60 
104, 502 5 15 10 
fe) 503 5 40 35 
- 6 50k, 40 30 -10 
- 50 471 55 100 45 
40 454 155 180 25 
ls 487 180 225 45 


among the steels least affected according 
to the nick bend specimen. No explana- 
tion is offered, although it is to be pointed 
out that one variable is uncontrolled in 
these tests—the amount of plastic de- 
formation that the metal undergoes prior 
to rupture. Figure 12 graphically illus- 
trates the relative amounts of plastic de- 
formation that the nick bend specimens 
undergo. It is suggested that the amount 
of plastic deformation may affect the tran- 
sition temperatures of the different steels 
to varying degrees. Thus, until the mag- 
nitude and the relative effect on the vari- 
ous steels is investigated, weldability test 
specimens involving excessive general de- 
formation cannot be relied upon to indi- 
cate what the performance of the steels 
will be under constraints such as those 
imposed in the structure of a ship. 


High-Constraint Nick Bend 


The high-constraint nick bend specimen 
was considered to provide a more satis- 
factory means of comparing the welded 
and unwelded conditions than the stand- 
ard nick bend specimen. The behavior 
of the high-constraint specimen was quite 
similar to that of the standard nick bend 
except that the added constraint resulted 
in fractures which were more characteris- 
tic of ship failure; i.e., cleavage fractures 
with relatively little plastic deformation 
as compared to the standard nick bend 
specimen. Noting the temperature at 
which a change from B to C type failure 
occurred was an arbitrary but advantage- 
ous method of defining the transition tem- 
perature. 

Table 7B gives the indicated transition 
temperatures both before and after weld- 
ing and shows the effect of welding upon 
the individual steels. Since there is an 
appreciable difference in the size and 
severity of notching between the Charpy 
and the high-constraint specimen, it was 
expected that the indicated transition 
temperatures would be different but no 
explanation is offered for the lack of agree- 
ment as to which steels were most af- 
fected by the welding process. In spite 
of this lack of agreement, the fact that 
welding has an appreciable effect on the 
transition temperature of some steels was 
established. 


Summary and Conclusions 


It has been found that several of the 
high-tensile, low-alloy steels and the one 
mild steel investigated were adversely 
affected by welding; i.e., the temperature 
at which there was a transition from duc- 


tile to cleavage fracture in unwelded 
plate was raised by welding. Thus, an 
additional feature must be incorporated in 
weldability testing if it is to be determined 
whether or not a structure will meet 
service requirements after having been 
welded. This new phase of weldability 
is of immediate concern to the fabricators 
of welded structures, such as bridges and 
ships, which are subjected to temperature 
variation and high constraint. 

Two weldability test specimens, the 
Charpy V-notched bar and the high-con- 
straint nick bend, were found to be 
suitable for comparing the performance of 
welded and unwelded plate at various tem- 


peratures. While both types of specimen 
showed the adverse effect of welding on 
transition temperature, the two types did 
not agree as to which steels were most 
seriously affected. Using the Charpy bar, 
the most expedient method of representing 
the transition phenomenon was to note 
the temperature at which the fracture ap- 
pearance showed the first evidence of a 
change from ductile to brittle behavior. 
In the case of the high-constraint nick 
bend, an arbitrary but, again, expedient 
method of representing the transition 
phenomenon was to note the temperature 
corresponding to a change from a B toa C 
type failure. 


suB 


TYPE TYPE 


DESCRIPTION 


TYPICAL 
STRESS STRAIN CURVES 


DROPS TO LESS THAN 50% 


ANGLE IS INCREASEO 


2 RAPID PROGRESSIVE FAILURE 


BEYOND MAXIMUM LOAD 


A PROGRESSIVE FAILURE UNTIL LOAD 


i GRADUAL DECREASE IN LOAD AS 


LOAD DROPS AT LEAST 50% BE- ‘ 
FORE ANGLE HAS INCREASED 10° 


Lead 


Angie Bend 


LOAD DROPS 50% 


500 POUNDS 


S00 POUNDS. 


PROGRESSIVE FAILURE FOLLOWED 
BY INSTANTANEOUS” FAILURE BEFORE 


INSTANTANEOUS” FAILURE CAUSES 
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2 INSTANTANEOUS® FAILURE CAUSES 
LOAD TO DROP TO LESS THAN 
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load 
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Fig. 8—Types of Nick Bend Failures 
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Typical Fracture 


Requirements for Further Research 


This investigation showed that welding 
raises the transition temperature of some 
steels and it indicated the Charpy V- 
notched bar and the high-constraint nick 
bend specimen to be satisfactory for the 
purpose of determining the effect of weld- 
ing on the transition temperature. How- 
ever, the reason for the lack of agreement 
that existed in some instances as t6 whether 
or not the transition temperature of a par- 
ticular steel was raised by welding is yet 
to be determined. Furthermore, before 
the indicated transition temperatures can 
be used to predict the temperature at 
which a given structure will fail, a cor- 
relation must be established between the 
data obtained using the small scale labora- 
tory test specimen and the performance of 
full scale structures in service. 

This investigation has raised a question 
regarding the effect of plastic deformation 
(strain between the yield point and rup- 
ture) on the phenomenon of change from 
ductile to brittle failure. The fact that 
the Charpy bar and the high-constraint 
nick bend specimen did not agree in some 
instances indicates that the mechanical 
differences between the two specimens did 
not affect all the steels in the same manner 
or to the same extent. The amount of 


644-5 


Fig. 9 


plastic deformation that the metal under- 
goes prior to rupture was an uncontrolled 
variable in these tests—a variable that is 


C Type Failure 


dependent upon the mechanical differ- 
ences between the two specimens (rate of 
loading and degree of constraint). It -is 
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Fig. 10 (B)—Transition Temperature Studies, Plate and Bead Weld High-Constraint 
Nick Bend Specimens , 
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desirable therefore, that the order of mag- 
nitude of the effect be investigated and, 
if found appreciable, that an attempt be 
made to determine whether two steels 
can have an unequal reaction to an equal 
amount of plastic deformation. 


Acknowledgments 


The authors wish to acknowledge the 
interest and constructive criticism of 
F. M. Walters, Jr., former Superintendent 
of the Division of Physical Metallurgy, 
and C. E. Jackson, former head of the 
Welding Section of the Division of Physi- 
cal Metallurgy. 


References 


1. Bibber, L. C., “A Study of the Tensile 
Properties of Heavy, Longitudinally Welded 
Plate Specimens Simulating Deck and Shell 
THE WELDING JouRNAL, 24 (4), 193-226 

945). 

2. Shepler, P. R., “DeForest Brittle Tem- 
perature Research,” Jbid., 25 (6), Research 
— 321-s to 332-s (1946). 

. Jackson, C. E., and Rominski, E. A., 
“Notched-Bar Test Behavior of Some Welding 
Steels,’ Naval Research Laboratory Report No. 
M-1544 (June 1939); Tue JourRNAL, 18 
(9), Research Suppl., 312-s to 318-s (1939). 

4. Jackson, C. E., and Luther, G. G., “The 
Bead Weld Nick Bend Test for Weldability,” 
Naval Research Laboratory Report No. M-2352 


O-WELOED,HIGH CONSTRAINT BEND SPECIMEN 


A-PLATE, STANDARD NICK BEND SPECIMEN 


@- WELDED,STANDARD NICK BEND SPECIMEN 
C-PLATE, HIGH CONSTRAINT BEND SPECIMEN 


v 
ESS 
25 22558 
Ko 
$3 $3025 
a 
3 
a 
3 


ANGLE OF BEND IN DEGREES 
the High-Constraint Nick Bend Specimen 


SONNOd 40 Ni OVO) 


Fig. 11—Comparison Between the General Deformation in the Standard Bead Weld 
Nick Bend Specimen and the High-Constraint Bead Weld Nick Bend Specimen 


Chemical composition: C, 0.20; Mn, 0.34; Si, 0.01; S, 0.019; P, 0.009; Ni, 0.34; Cu, 
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Welding of High-Strength 
Constructional Steels with Ferritic 
Electrodes 


By S. A. Herrest and P. E. Woodward! 


Introduction Base Metals 


High-strength constructional steel is a term which 
Te report summarizes results obtained in the ™ay have considerably different meaning, depending 


continuation of a previous investigation! during 
which the properties of butt welds made with four Table I—Chemical Composition of Experimental Induction 


brands of ferritic electrodes in quenched and tempered Furnace 
alloy ‘steel plates of '/, in. thickness were determined. 
Included in the present investigation are discussions of Ms 8 
selection of suitable base metals for 90,000, 120,000 and = 1,00 
150,000 psi. yield strengths, tests of weld metal proper- Se ae 
ties of undiluted deposits made with commercial alloy Se 4 ee ios 
ferritic electrodes, use of “‘Double T”’ fillet weld speci- +15 +97 .026 
mens to determine susceptibility of welded joints to .15 .96 .022 
cracking during welding, and tests of properties of uss 45 1.00 .025 
welded joints. 


* Scheduled for Annual Meeting, A.W.S., Atlantic City, 
N. J., week of Nov. 17, 1464 ell =1.00 228 1-3/4 
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pt. 


Captain, Ordnance Dept., Watertown Arsenal Laboratory. to 
t Chief Laboratory Mechanic, Watertown Arsenal Laboratory. 


Table Il—Results of Hardenability Tests and Bapeose to Tempering and Stress Relief Treatments for Experimental 
Induction F Steels 


Heat | "Hardness at Distance from Water Cooled End of Standard Hardenability Bar (Sixteenths } 
1451 1600°F. 2 hrs. 837-5 36 30 23.5 | 19.0 15.5) 14.5) 12.5 | 11.5 g 1:5 
2 
2 26.5 }| 21.5 , 19.5 17.5 15.0} 13 12.0 | 10.5 } 8 725 Be 
2 
1100°F, 6 hrs. A.C. [28 27-5 | 25 21.0 | 18.0 15-5} 14.5) 14.0 | 11.5 | 11.5 | 10.0 BRe 
1452 | 1600°F. 2 hrs. J. 37-5 __ 32.0 25 21.0 17.0 14.0 12.0 9.0 6.0 2.5 1.0 Re 
1600°F, 2 hrs. J.Q 
1100°F, 2 hrs. A.C. [2% 23 19 17-5 15-5 13.0 | 1155 10.5 9.0 2.5 i --— 
2 
6 25.5 | 21 18.0 ; 15.5 13.0} 12.0} 11.5 | 11.0 3.5 2.5 
1453 1600°F. 2 hrs. J. 133 26.5 | 21 17.5 13.0 9-5 6.0 3 6.0 
1600°F. 2 hrs. J.Q 
1100°F. 2 hrs. A.C. $27 22 19 18 17.0 11.5 9.0 8.0 6.0 5 5 fk 
1454} 1600°F. 2 hrs. J.Q f26 20.5 | 18.0 | 16.0 | 12.5 1-5 7.0 4.o 4.0 4.0 3.0 
1600°F. 2 hrs. J.Q 
1100°F. 2 hrs. A.C. 523 20 17.5 16.0 | 13.0 8.0 8.0 6.0 5.0 5.0 6.5 
1455 1600°F7. 2 hrs. J.Q% 189.5 | 89 8g 85.5 84.5 82.5| 82.5 $2.5 } 81.5 | 81.0 60.5 
1456} 1600°F. 2 hrs. J.Q [38 33.0 | 27 21.5 | 18.0 14.5 | 13.0} 12.5 | 11.0 6.5 7.0 BR 
1600°F. 2 hrs. 
1100°F, 2 hrs. A.C. }29 28 23 19.0 | 17.5 11.0] 13.0}; 13.0 ]} 11.0 8.0 9.0 
1457] 1600°F. 2 hrs. J.Q 25 21 17.5 | 13.0 7:5 5.5 4.0 2.5 2.5 2.0 
1600°F. 2 hrs. J. 
1100°F. 2 hrs. A.C. 25 23 19.5 16.5 | 12.5 9.0 4.5 6.0 4.5 4.5 3.0 
1600°F. 2 hrs. J.Q. [34 29 23 | 18 12 5. ——— --— [---- [---- | 


J.Q ~ Standard Jominy End Quench Test. 
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Table II1I—Mechanical Properties of Experimental Induction Furnace Steels! 


Charpy Notch Values? 
Tensile Properties 1600°F., 1-1/2 hrs., W. @ 2200°F., 1-1/2 hrs., W. @& 
Elong. | R.A.§1100°F,2 hr.,¥.Qi 1100°F,6 hr.,F.C.| 1150°F,2hr.,W.Q. | 1150°F,2hr/, F.C. 

t Heat Treatment pei. | pst. | $2 +70°F, +70°F, | _+70°F, +10°F. 

1 | 1000° hr.,¥.% | 94,000 109, 300 20.0 33 74 17 27 13 
1100°F,,2 hrs., W. 105,000 118,000 15.0 22 67 --- 23 _27 14 23 
1000°F.,1-1/2 hr.,W.Q | 102,500 | 116,200 15.0 -— --- --- --- --- 
1100°F.,6 hrs., F.C. | 107,000 | 119,500 20.0 --- --- --- --- | 
1600°F.,1-1/e hr.,¥.Q | 104,380 | 116,000 22.9 130 12 33 26 
1100°F.,2 hrs., W. 117,500 16.4 128 131 152 25 26 | 25 

1 2 hr.,¥.Q | 96,880 | 110,500 20.7 --- | — 

—--+---—--------—--- --— --- --- 28 

----—-- _|------- ---- | ----] --- --- --- --- 6 | 5 27. 
one --- ----_| ----] -- | --- ---_| --- _3 28 | 2g 

1600°F.,1-1/2 hr.,¥.Q | 72,500 89, 600 25-7 | 145 164 174 152 21 | 21 19 
1100°?.,2 hrs., | 76,500 92,000 | 27.1 | 78.11 145 153 152 155 NB 21 26 | 
1-1/2 hr.,¥.@ | 75,500 | 90,200] 26.4 | 74.8) -— | --- |— — — 
1100°F.,6 hre., C. | 68,500 | 87,400 | 28.6 | 76.5) -—— | | 

q 1600°F.,1-1/2 hr.,¥.Q. | 85,000 97,800 25.0 74.0% 183 166 181 150 B* 22 54 20 

1100°F.,2 hrs., ¥. @ | 85,000 99, 600 23.6 | 73-68 157 172 1 155 1B 20 60 ._ 2 
1600°F.,1-1/2 hr.,W.Q | 76,000 92,700 25-7 | --- --- --- } — 
1100°7.,6 hrs., F. | 72,000 | 89,000 | 28.6 | 75.34 --- --- --- --- --- 


2. «357 in. diameter tensile bars 
3. V notch in standard .394 in. square Charpy specimen. 


1. 4 in, square ingots forged to 1/2 in. square bar stock. * Did not break completely. 


Table IV—Chemical Composition and Mechanical Properties of Commercial Steels 


Chemical Composition Tensi 1 Cc 
Type ness in. € Mn P s Si Mo Cr Bi B Heat Treatment Y.S. peij 7.5. psi.| $2 in.§+70°F. oe 
19 1600°F.,1 hre, 88,%00 | 102,100 13.5 55 
Mn-Mo 3/16 219_| 1.30 |. | 22 | | Mo bre, 93,600 | 103,200 | 19.5 54 6 
16¢ 1600°F.,1 hr., ¥.Q 98,600 | 106,100 24.0 7117 104 
Mn-Mo 1/2 216 1.23 1.019 |.012 | .22 .46 | -— | -— | Yes hr., W.Q 98,600 | 106,500 | 23.5 [110 121 
223 C 1 bre, § 122,600 | 135,900 12.5 |— --- 
Min-Mo -23_| 1.50 |.017 |.016 | .20 | -51_ | -—— | —— | Yes hre, W.Q. $125,800 | 134,400 | 13.0 
1600°F.,1 hr., § 117,500 | 123, 300 19.0 56 58 
Mn-Mo 1/2 -23_| 1.50 |.017 |.016 | .20 | | —— | —— | Yes] 1150°F.,1 hr., 9119, 400 | 129,800 | 10-5 54 53 
+23 1600°F.,1 hrs, W.Q 124,200 | 132,400 24.0 
Mo- 1 -23_| 1.50 |.017 |.016 | .20 | .52 | —— | | Yes] 11%0°P.,1 9.124, 400 | 133,300 | 24.5 
br., ¥.Q@ 160,000 | 173,000 | 15.5 17 7 
Mn-Mo 1/2 -26 | 1.66 |.013 |.022 | .24 | .33 | | | Yes] 800°F.,1 hr., A.C. 9.152.000 180,800 | 14.5 | 16 
1600°F.,1 hr., W.Q [| 120,000 | 131,600 19.0 28 27 
1100°F.,1 br., F.C. 120,000 | 132,000 , 19.5 | 28 27 
-28 1600°F.,1 hr., ¥.Q 122,000 136,800 , 19.0 | le 
1/2 +28 | 1.7% |.023 |.022 | | | | | Yeu] 1150°F.,1 125,500 | 136,400 18.5 47 46 
-30 69 1554°F., 3/4 br.,¥.@ 195+ 000 11 
Mn-Cr- 1/2 |.023 | .2 019 | 079 | Yes] S800°F.,1 hr., A.C. 161,500 | 176,800 | 14.0 | 12 i 
Ni-Mo 4 1554°F., 374 br.,¥.Q. 116,000 | 133,600 | 19.0 | 26 2 
1100°F.,1 hr., F.C. § 116,000 | 130, 400 19.0 24 23 
1635°F., ofl 176, 400 | 185,700 | 16.5 27 18 
Cr-Mo- 1/2 |.01 20 | .63 [1.22 | | .20].No | 1160°F., air 175,600 | 183,200 | 17.0 28 16 
v 1635°F., ofl 170,900 | 182,600 16.5 25 16 
1160°7., air 169,300 | 181,900 | 16.5 | 25 14 
1100°F.,4 F.C. 


Flat plate tensile specimens. 


Specimen transverse to principal direction of rolling of base metal. 


2. V notch in standard .394 in. square Charpy specimen, Bar taken transverse to principal direction of rolling and notched perpendicular te 


plate surface. 
3+ Subsize Charpy bar. 


upon the type of steel to which one is accustomed to 
using. To a large portion of the industry, the so-called 
low-alloy, high-tensile steels represent the best steels 
available for fabrication by welding. These steels are 
used in the as-rolled condition and for '/:-in. thick plate 
are inthe strength range of 40,000-55,000 psi. yield and 
65,000-80,000 psi. tensile. Strength is dependent upon 
the temperature of rolling and rate of cooling after 
rolling and decreases as the thickness increases. 

Slightly higher strengths (up to 70,000 psi. yield 
Strength in '/:-in. gage plate) may be obtained in copper 
bearing as-rolled steels by reheating at temperatures be- 
tween 800 and 1050° F., but at the top of their strength 
range as-rolled steels tend to be poor in toughness. 


1946 WELDING HIGH-STRENGTH STEELS 


The strength of as-rolled steels is limited by the 
tendency of steel high in carbon or in alloy content to 
develop base metal cracks during welding, unless special 
precautions such as preheating are used or unless special 
types of electrodes are employed. With a base metal of 
given composition and prior processing the tendency for 
base metal cracking of a welded joint depends upon: 

1. Rate of cooling of the weld heat-affected zone. 

2. Embrittlement of the weld heat-affected zone by 
hydrogen derived principally from the electrode coating. 

3. Stress across the welded joint. 

It is, therefore, evident that the successful fabrication 
of steel by welding is governed both by the characteristics 
of the base metal and by the welding procedure. There 
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Table V—Hardness and Toughness of Pad Deposits! Made 
with Bare Rod and E 6020 Electrode As-Welded and After 
Various Heat Treatments 


Charpy Impact - Ft. 1bs.4 

Electrode tr. BHY (1000 Kg) 
| 2 3 
Rod® |__As welded {121-125 2 
T 2 1 
oF, 227-2hg 2 2 
O°F.,2 hrs... 227-237 2 2 
r Bove 2 1 
1150’ F.C. 117 2 2 
1 1 
1625°F,,14 hr,,A.C, 121 1 1 
hr.,As Cs 2 2 
1150°F.,.2 hrs. 2 
37 15 

60203 As welded lig 1 

30 
1625°F, hr..¥.Q | 165-185 26 6 
hr., 56 16 
2 hrs.,¥.% 185 6 14 
1150°F.,4 hrs. F.C. | 143-148 2 
2 
°F. A.C 
1625°F.,1% hr., A.C. 2 
1150°F. 2 28 ry 


1. Approximately 7" x 2-1/2" x 2-1/2" weld metal pads. 


2. we diameter electrode; 18 layers, straight polarity, 110 amperes, 
14 volts; 40o°F. max. interpass temperature. 


3. 3/16" diameter electrode; 26 layers, reverse polarity, 200-210 
amperes, 21-23 volts; 400°F, maximum interpass temperature. 


4. V notch in standard .394 in, square Charpy specimen. Bar taken 
transverse to welding direction. 


are three possibilities which appear practical when it is 
desired to weld steel of higher than 70,000 psi. yield 
strength: 

1. Heat treatment to higher strength levels of steels 
which have no higher carbon or alloy contents than the 
weldable as-rolled grades. Welding may then be carried 
out with the same type electrodes and the same pro- 
cedures now used for as-rolled steels. 

2. Use of electrodes with coatings low in hydrogen- 
producing compounds to weld heat-treated steels of 
somewhat higher carbon and alloy content than that of 
the weldable as-rolled grades. 

3. Use of welding procedures involving preheat or 
higher welding heat input to weld heat-treated steels of 
somewhat higher carbon and alloy content than the 
weldable as-rolled grades. 

A previous investigation’ indicated that it would be 
practical to establish base metal grades based on 90,000, 
120,000 and 150,000 psi. minimum yield strength re- 
quirements. The 90,000 yield strength steel would be 
intended for welding without preheat with electrodes of 
the A.W.S.-A.S.T.M. 10, 11, 12, 13 or 20 classes. The 
120,000 yield strength steel would be intended for welding 
either with special types of electrodes or with special 
welding procedures generally involving preheat. The 
150,000 yield strength steel may be welded with the same 
precautions as those used for the 120,000 yield strength 
steel. 

Of the various alloy analyses which might be used for 
steel of 90,000 psi. yield strength grade, a 0.15% C, 


Table VI—Tentative Classification of Available Brands of 
New Type Ferritic Electrodes with Lime-Titania Base 


Coatings 
Min. T.S., 

Classification Psi., Stress Type of 
No. Relieved* Position Current 

E 9015 90,000 All 

E 10015 100,000 All De. 

E 10025 100,000 Flat, Horizontal D. C. 

E 11015 110,000 All 


* Furnace stress-relieved 1125° F.—4 hr., furnace cooled. 


= 
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1.0% Mn, 0.50% Mo type analysis was selected for in. 
vestigation. A series of induction furnace melts were 
made by the Watertown Arsenal Laboratory Experj- 
mental Foundry with this base analysis. For compari- 
son, a steel in which 0.75% Cr was substituted for the 
0.50% Mo (0.70% Cr and 0.50% Mo give equal harden. 
ability multiplying factors in, the Grossman system) was 
also made. Both aluminum killed and nonaluminum 
killed heats and three Ti additions and two Zr additions 
were made to the Mo steels as shown in Table I. 

Table II summarizes the results of Jominy end-quench 
tests before and after tempering and stress relieving; 
and Table III gives the results of tensile, hardness and 
V-notch Charpy impact tests on specimens taken from 
steel forged to '/2-in. square bar stock prior to heat 
treatment. It may be noted that the chromium steels 
had relatively poor hardenability and resistance to tem- 
pering as compared with the molybdenum steels. The 
steels with the titanium and zirconium additions had 
extremely low hardenability when quenched from 1600° 
F. because of failure of the complex carbides to go into 
solution, and after quenching from 2200° F. they showed 


Table VII—Chemical Anal of Undiluted Weld-Metal 
Pad Deposits 
Si 


020 .022 2025 Trace 
e023 .023 Wil 1.79 Mil Trace 


Weld Current 

Pad Diameter Preheat Interpass DC Rev. Pol. 

Nos, Hlectrode in. oF. Voltage 
1 310010 5/32 22 212-350 155-160 23-26 
ass 5/32 212 212-350 160-165 
5/32 350 350-500 160-165 22-24 
5 ° 3/16 212 212-350 215-220 22-24 
6 ° 3/16 212 212-350 215-220 22-24 
7 39020 5/32 212 212-350 150-155 25-26 
5/32 350 350-500 150-155 25-26 
9 ? 5/32 212 212-350 150-155 25-26 
12 311015 3/16 212 212-350 215 19-20 

13 e ; 3/16 a2 212-350 215 19-20 


* the electrode was preheated to 400°F, immediately before welding, 


on tempering considerable secondary hardening accom- 
panied by great loss in toughness. The experimental 
manganese-molybdenum steel without titanium or 
zirconium addition met the minimum yielt strength re- 
quirement of 90,000 after a stress relief anneal at 1100° F. 
and showed good toughness which was improved by 
aluminum killing. : ; 
On the basis of these results the Jones and Laughlin 
Steel Co. offered to submit plate from pilot heats of low- 
carbon (0.16 and 0.19% C) manganese-molybdenum stee! 
cross-rolled to */,, and '/; in. thickness. A boron addi- 
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tion was made to the '/,-in. thick plate. Chemical 
analysis and mechanical properties of these steels are 
given in Table IV. Tensile tests indicate that the 
hardenability and resistance to tempering of the plates 
are sufficient to give yield strengths greater than 90,000 
psi. even after they are tempered above 1200° F. Inas- 
much as the specimens were taken transverse to the prin- 
cipal direction of rolling, the Charpy impact values are 
very high. Very good toughness is indicated by the 
fact that the Charpy values at —40° F. testing tempera- 
ture are almost as high as those at +70° F. 

The 0.23, 0.26 and 0.28% C Mn-Mo and the 0.30% C 
Mn-Ni-Cr-Mo steels (all of which are commercial cross- 
rolled plates, aluminum deoxidized and boron treated) 


are suitable for 120,000 psi. minimum yield strength use. 
However, the 0.30% C Mn-Ni-Cr-Mo and the 0.26% C 
Mn-Mo steels which contain less than 0.359% Mo do not 
have sufficient tempering resistance to maintain this 
strength if they are tempered or stress relieved at tem- 
peratures of 1100° F. or above. The higher molyb- 
denum steels (0.43-0.51% Mo) have very good resistance 
to softening during tempering. The Charpy impact 
toughness appears to be affected principally by direc- 
tional properties of individual plates, and the lack of fall 
off of values at —40° F. testing temperature indicates 
good toughness of all compositions. 

It is possible to obtain 150,000 psi. minimum yield 
strength in the above steels by tempering at lower 


Table IX—Results of Hardness, Tensile and V-Notch Charpy Impact Tests for Weld-Pad Deposits in As-Welded, Drawn, 


and Quenched and 
T. S. Com Tests Charpy V-Fotch*® 
verted from ° i. Tt. Loe. at 
Rectrode BH BH, pet, pet, 
#10010 202,500 1 
5/32" diameter 109, 000 ost 
212°F, Preheat 
110010 90,500 
5/32" diameter 01,500 
350°F. Preheat 
310025 98,500 4oL 
Brand B 102,090 55L 
5/32" diameter 
22°F, Preheat 
310025 $8,500 
Brand B us 101,500 in 
5/32" diameter 


210025 105,000 88,0900 62.8 62L 
Brand B 109,600 96,500 64.8 46L 2a 
3/16" diameter 112,000 99,000 63.2 
22°F. Preheat 60? 
88,500 i 
5/32" diameter 193 95,000 
212°F. Preheat 
£5,000 22 
5/32" diameter 90,500 
350°F. Preheat 
B-11015 140,600 124,000 11.0 23L 
3/16" diameter 148,000 126,000 %1.0 191 
212°F, Preheat 138,800 126,000 19.6 
1 


“according to conversion table given in Federal Specification See 
Amendment 2. 


**L Charpy impact specimen taken parallel to direction of welding. 
T Charpy impact specimen taken transverse to direction of welding. 


? 
ximate 


¥., 2 


tT. S. Com Charpy 
Distance from verted from 17.5. pei. R.A, Ft. Lbs. at 
Hectrode Piste Surface pei, psi. +70°F 
310025 Wear Surface 192 94,500 96T 
Brand B s7t 


3/16" dinmeter 
212°F, Preheat 


Midwell 176 


Center 16 83,000 ur? 
10§T 55? 
B-9020 Near Surface 192 94,500 13? 
3/16" Aiameter Met 15? 
212°7. Preheat 
Midwall 16 83,000 


Center 163 682,500 23t 


5? 
Wear Surface 200 98,500 96T 4 


empered Conditions 


Dr; 2 A ol 
roximate 

T. Com Tensile Tests Charpy V-Fotch 

verted from YT. psi. B.A. Pt. Los. at 
Hectrode BES psi. 7, S. pet. +70°F,_ 
2-10010 227 109,000 15L 
5/32" diameter 118,500 26L uL 
212°F. Preheat 
B-10010 209 101,500 
5/32" diameter 218 102,000 
350°F. Preheat 
2%-10025, Brand B 209 101, 500 66L 22L 
5/32" diameter 218 102,000 27 
22°F. Preheat 
3-10025 200 98,500 
Brand B 209 01,500 22L 


5/32" diameter 
50°F, Preheat 


210025 7,500 
Brand B 93,000 70L 26L 
3/16" diameter 104,000 92,000 53.9 
212°F. Preheat 

697 
39020 155 90,500 
5/32" diameter 193 95,000 29L 
212°F. Preheat 
39020 185 90,500 WL 
5/32" diameter 193 %, 000 19L 
Preheat 
B11015 120,000 104,000 65.5 56% 
3/16" diancter 115,600 101,000 62.8 551 20L 
212°F. Preheat 117,300 103,000 63.2 

69? 


Mater Qenched es 3/2 inch Square Bars and Tempered for 2 hrs. at 1200°F.,Air Cook 

Approximate 
tT. Com Charpy Y-Notch 
verted from Tt. Los. at 

B-10025 

Brand B 

VQ from Temper 118,500 29T 


FC from Temper 


39020 
WQ from Temper 2he 118, 500 227 6? 


FC from Temper 


311015 
WQ from Temper 272 129,000 78? 


FC from Temper 


WELDING HIGH-STRENGTH STEELS 


| | ~ 
30°F, Preheat 
4 
«64.500 90,400 69,800 68.4 1007 
88,200 66,000 69.8 997 39? 
90,200 66,500 67.8 
50L | 
: 
60, 500 56. 5iL 
193 95.000 4,000 66,800 72.2 
94,000 66,500 70.6 2T 
58L 2 
272 
sot 397 27 129 nt 
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Distance from Plate Surface (Inches) 


Fig. 1—As-Quenched Hardness of Weld Pads Water Spray 
Quenched as Inserts in 6-In. Thick Plate 


temperatures (e.g., 800° F. for 0.26% C Mn-Mo and 
0.30% C Mn-Ni-Cr-Mo), but these low tempering 
temperatures give relatively poor toughness,* and effec- 
tive stress relieving treatments at temperatures above the 
tempering temperature cannot be used without decreas- 
ing the strength. A high-carbon (0.48% C Cr-Mo-V) 
steel gave 150,000 psi. yield strength even after tempering 
at 1160° F. plus a full stress relief at 1100° F. for 4 hours. 
Charpy impact values for this steel at —40° F. are much 
higher than those usually obtainable for as-rolled steels 
of one-third to one-half the strength. 

The steels used in these tests are intended only as 
examples. A number of different steel analyses which 
will meet the property requirements for 120,000 to 150,- 
000 psi. yield strength are obtainable from various 
manufacturers. Also, steel manufacturers are now able 
to supply several analyses which will meet the require- 
ments of 90,000 psi. minimum yield strength with low 
carbon and less total alloy content than that of the pres- 
ent 50,000 psi. yield strength as-rolled steels. 

The improved strength-to-weight ratios, high degree of 
toughness, and ease of fabrication of these new heat- 
treated steels should contribute to a sound economic 
position for many structural applications where competi- 
tion by so-called ‘‘light metals’’ is developing. 


Weld Metals 


Weld metal deposits made with unalloyed ferritic elec- 
trodes have tensile strengths of 50,000 to 60,000 psi. 
Bare rod deposits are excessively oxidized and show low 
tensile ductility and practically no notched bar impact 
toughness as-welded and after any heat treatment. 


* Characteristic of tempering at temperatures of maximum secondary 
hardening and believed to associated with initial stages of precipitation of 
complex carbides. 
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Most commercial ferritic electrodes have coatings which 
contain various proportions of cellulosic material anq 
slag-forming ingredients to form envelopes of reducin 

gases and slag coverings to protect the weld deposit from 
excessive oxidation and nitrogen pickup. This greatly 
improves the tensile ductility and the toughness. How- 
ever (as shown by Table V, which compares the hardness 
and toughness of pad deposits made with bare rod and 
E 6020 electrode as welded and after various heat treat. 
ments) because of the low carbon and small amount of 
nitrogen, the strength and toughness of unalloyed ferritic 
deposits made with covered electrodes are greatly 
affected by solution and precipitation of these two ele- 
ments at low temperatures, i.e., they are subject to 
quench and strain aging effects. 

Further, as demonstrated by Zapffe and Sims? several] 
years ago, weld metal deposits absorb hydrogen gener- 
ated by the breakdown of cellulosic ingredients and 
water vapor in the arc and become subject to general 
hydrogen embrittlement and associated defects, such as 
fisheyes and flakes. If flakes (cracks that occur during 
cooling of hydrogen embrittled metal) are avoided, the 
hydrogen may diffuse out of the weld metal during either 
stress relieving or holding for sufficient time at normal 
temperature. 

It is theoretically possible to develop an electrode coat- 
ing to deposit an unalloyed ferritic weld metal deposit 
very low in carbon and with oxides and nitrides either 
fluxed off or ‘fixed as stable compounds. Hydrogen- 
producing ingredients may also be held to a minimum or 
counteracted by oxides. Such a weld metal would be 
tough but of relatively low strength. 

It is also possible to utilize high-alloy electrodes of 
chromium-nickel or chromium-manganese types to 
deposit austenitic weld metals which have very great 
toughness at tensile strengths of 80,000-90,000 psi. 
The application and limitations of welding high-strength 
steels with austenitic electrodes is discussed in another 
article.* 

Cellulosic ingredients are avoided in electrode coatings 
of high-alloy austenitic electrodes because of the unde- 
sirable effect produced by carbon pickup by the weld 
metal. Usually lime or lime-titania base coatings are 
used. This type of coating has been applied to ferritic 
electrodes (originally by the Arcos Corp.), which then 
give a weld deposit of much lower hydrogen content than 
that obtained with electrodes with other types of coating. 


Fig. 2—Assembly, Welding and Sectioning Details of Double T 
Fillet Weld Crack Susceptibility Test 


ff= Machined or ground edges to obtain accurate fit-up. 
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Table X—Welding Procedure and Crack Susceptibility Results for ‘‘Double T”’ Fillet Weld Tests' 


} Electrode Base Metal Deposition Sequence? 
= Preheat | i 
Classifi- Thick- and Inter-} 1 2 Fillet 
cation Condition) Type ness pease Tem. Cracks Observed® jolts | Size 
E-10010 As Rec. Mn-Mo, 1je" Room +70°F,) None None Yone | 195- 200] 24-26 3/8" Single Fase 
As Recs -23 C Mn—Mo 1/2" Room ¢70°F,) Yone None None 195-200} 24-26 || 3/8" Single Fass 
As Rec. 28 C Mn=Mo 1/2" Room ¢+70°F,) |} UBC Pass 2 ---- ---- 195-2 24-26 | 3/8" Single Fass 
TC Pass 142 
As Rec. 230 C Mn=Ni-Cr-Mo 1/2" Room G70°F.)] UBC Pass 3 | UBC Pass 3 | UBC Pass 4 || 195-200) 24-26 Si 
5-2 ngle Paes 
As Rec. C Mn-Ni-Cr-Mo 1/2" 00°F, WC Pass 344 195-200 24-26 | 3/8" Single Fass 
As Rec. 230 C Mn-Ni-Cr-Mo 1/2" None ---- 195-200! 24-26 || 2/8" Single Fass 
As Rec. «48 C Cr—Mo-¥ 1/2" Room 70°F.) TC & UBC, UBC Pass TC & UBC, 195-200} 24-26 3/8" Single Pass 
Pass 1,2,%, Pass 4 
As Rec. 248 © Cr-Mo-V 1/2" 4o0°F. UBC Pass 4 H --— 195-200 24-26 | 3/8" Single Pass 
E-9020 As Rec. 216 C 1/2" Room 70°F.) UBC Pass 3 ---- ---- | 200-210) 3/2" Single Pass 
Rec. 230 C Mn-Ni-Cr—Mo 1/2" Room (+70°F.) UBC Pass 344 UBC Pass 3 |__| UBC Pass 210) 811 Single Fass 
| 
E9015 As Rec. -30 C Hn-Mi-Cr-Ho 1/2" Room ¢70° 7) | None ---- 225-20 22-7 3/e" P 
As Rec. 48 C Cr-Mo-¥ 1/2" 300°. Yone ---- 235-214 Sine} Pass | 
E-10015 As Rec. +30 C Mn-Ni-Cr-ifo 1/2" 300° F, UBC Pass 3 ---- ---- 5-< | Single Fass 
Dried 230 C Mn-Ni-Cr—Mo 1/2" 300° F. USC Pass 3 3/8" Single Fass 
As Rec. 248 C 1/2" 300° F. None 225-230! | i 3/8" Single Fass 
if 
10025 As Rec. }| C Mn-Ni-Cr—Mo 1/2" Room(+70°F.) || None ---- 235-200 || Single Pass 
(Brand. A) As Rece || «23 C Mn-ifo 2° | Room(+70°F | None ---- 340-350 || 26-28]/1/2" Single Pass 
As Rec. .23 C Mn-Mo 1/8" | Room 70°F.) | TC Pass 1 ---- | 145-150 |] 22-23/13/16" Single Pass 
j } 
10025 As Rec. || «26 C 1/2" (70°?.) | UBC Pass 3 235-2h0 | 22-2 Single Pass 
(Brand B) As Rec. || «30 C Mn-i-Cr—Mo 1/2" | Room +70°F.) | UBC Pass 14} UBC Pass 143 None | 235-2ho | 4/3/8" Single Pass 
Dried «30 C Mn—-Ni-Cr—Mo 1/2" Room (+70°F.) None ---- 22-2 Single Pass 
11015 As Rec. |} C Mn-Ni-Cr-Mo 1/2" | room &70°F,) | | Pass 3 | UBC Pass 3 Yone ll 20-22]/3/8" Single Pass 
Dried 230 1/2" Room (+70° F,) UBC Pass 215-2206 20-221|3/8" Single Pass 
As Rec. |} C 1/2" 200°F. None — 215-220 | 20-22)|1/2" Double Pass 
As Rec. || .48 C Cr—Mo-V 1/2" Room (+70°F.) UBC Pass 344 UBC Pass 3 UBC Pass 324 || 215-220 20-22] 3/8" Single Pass 
As Recs || .4S 1/2" 200°F. | UBC Pass 3 ---- 215-220 |} 20-22/13/8" Single Pass 
Dried 48 C Cr=iio-V ife" 200° F. | UBC Pass 3 --— 215-220 2>-2213/8" Single Pass 
As Rec. C Cr-Mo-V 1/2" 4oo°r. UBC Pass 3 ---- --- 215-2209 || -20-22)13/8" Single Pass | 


See Teble VI. 


3+ Hlectrodes As Received - riormel storage in standard package in heated building for 6 months or longer, 
Electroces Dried = furnace heated, 350-400°F. for at least one hour. 


4. See Tebdle IV. 
5. See Table XI. 
6. UBC = underbead crack. 
TC = toe crack, see Figure 3. 
D.C. current, reverse polarity, 


This is a very important development in the welding of 
hardenable base metals, and a number of brands of elec- 
trodes with the new type coating are now available from 
various manufacturers. The A.W.S.-A.S.T.M. Com- 
mittee on Filler Metal has tentatively adopted a classi- 
fication system for lime or lime-titania base coated elec- 
trodes. Preliminary tests at this laboratory indicate 
that the electrode brands used in this investigation may 
be classified by the new tentative system as shown in 
Table VI. 

To obtain high strength ferritic weld metal deposits it 
is necessary to add carbon and/or certain other elements. 
The simple addition of carbon will increase the strength 
to a far greater degree than an equivalent amount of any 
of the usual alloy additions. But if the weld metal is to 
have the optimum strength and toughness, it is necessary 
that the carbon be present as a uniform fine dispersion of 
spheroidal carbides. In ferritic weld metals, as in all 
steels, the form and distribution of carbides is dependent 
upon the rate of cooling from temperatures somewhat 
above 1330° F., where the carbon is in solid solution in 
austenite, and upon the presence of alloys which improve 
hardenability by inhibiting the separation and growth of 
carbides during cooling. 

Alloy elements, such as chromium, molybdenum, 
vanadium, titanium (which form complex carbides), or 
copper, cause precipitation hardening, resulting in in- 
creased strength accompanied by a loss in toughness, if 
the steel is reheated to temperatures between 800 and 
1200° F. The temperature of occurrence and the sever- 
ity of the maximum effect vary with composition. 
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During a recent study of repair welding of high- 
strength castings, the strength, toughness and response 
to heat treatment of undiluted weld metal pad deposits 
made with five brands of high-strength ferritic electrodes 
were determined. Chemical analyses of weld deposits 
are given in Table VII, welding procedures for pad de- 
posits in Table VIII, and results of hardness, tensile and 
Charpy V-notch impact tests in Table IX. The rela- 
tivély high preheat and interpass temperatures used 
were equivalent to those required to prevent weld metal 
cracking during welding of a restrained weld or plug 
weld in heavy base metal sections 

Faster weld metal cooling and, therefore, slightly 


—- | 


Table XI—Deposition Sequences Employed in Fabrication 
of “‘Double T’’ Fillet Weld Crack Susceptibility Tests 


Deposition Deposit 
Sequence No. Pass Nos. Deposition Sequence Details - 
1 1 Allow to cool to initial temperature or 
preheat 
2 Allow to cool to initial temperature or 
preheat 
3 Allow to cool to initial temperature or 
preheat 
4 Allow to cool to room temperature 
2 1,2 Allow to cool to initial temperature or 
preheat 
3,4 Allow to cool to room temperature 
3 1,2,3 Allow to cool to initial temperature or 
preheat 
4 Allow to cool to room temperature 
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greater as-deposited strengths could be obtainedVin 
welds which did not require preheat. Figure 1 represents 
the relative hardenability of four of the weld metals as 
quenched from 1650° F. The maximum hardness after 
rapid cooling (near quenched surface) is a function of 
carbon content, but the depth of hardening is influenced 
by alloy additions. The superior combination of 
strength and toughness for weld metal having the highest 
carbon and alloy content and initially rapidly cooled, 
then tempered, is shown by specimens water quenched as 
1/,-in. square bars (Table IX). 

Secondary hardening, caused by formation of complex 
carbides during tempering, is evident for all five weld 
metals and is very marked and accompanied by a loss in 
toughness for the weld deposit containing vanadium. 
Similarity of notched bar impact values for specimens 
furnace cooled and water quenched from 1200° F. indi- 
cates absence of aging effects evident in the low-alloy fer- 
ritic weld metals. The absence of directional properties 
is indicated by comparison of notched bar impact values 
for specimens taken parallel to and transverse to the 
direction of welding. 

The weld metal compositions discussed above are in- 
tended only as examples. Systematic investigations to 
determine proper carbon limits and alloy balances should 


result in development of weld metal 
compositions which give considerably 
improved mechanical properties par. 
ticularly in the as-welded condition 
There are also good possibilities for 
improvement in electrode coatings to 
give well deoxidized deposits low in 
hydrogen content and to improve 
electrode deposition characteristics 


e The influence of dilution of weld 


TENSILE FAILURE 


metals by base metals on properties of 
UNDERBEAD CRA welded joints will be discussed in later 
= _ sections of this report. 


Susceptibility of Welded Joints to 
racking 


Welded joints may develop cracks 
in the weld metal or the weld heat- 
affected zone during or soon after 
cooling from welding. Recent British 


® research indicates that the problem 
TENSILE FAILURE of weld metal cracking may be as- 
the tig sociated with a critical sulphur con- 


tent and related to the degree of 
' deoxidation with carbon, manganese 
or silicon.* Base metal cracking may 


Fig. 3—Photographs of Magnetic Pat- be associated with hardening and 
terns and Tensile Failures of Sections hydrogen embrittlement of the weld 


Taken from “Double T’ Crack Sus- heat-affected zone, hot shortness of 
ceptibility Tests 


the base metal or cracking along planes 
of nonmetallic segregations or lamina- 
tions. 

In any event, cracking is dependent upon development 
of a critical stress caused by restraint from the thermal 
contraction of the welded joint. It is influenced by type 
of electrodes and welding procedures used as well as com- 
position, degree of. alloy segregation, cleanliness and 
thickness of the base metal. The only practical means of 
determining cracking susceptibility of a welded joint is to 
make a test weld and examine it for cracks. 

The principal difficulty is to determine the degree of 
restraint which should be imposed in such a test, because 
any weld will crack if sufficiently restrained. For the 
purpose of this investigation, the ‘“‘Double T’’ welded 
joint illustrated in Fig. 2 has been adopted. It is be- 
lieved to represent the greatest restraint ordinarily en- 
countered in structural fabrication and is very easy to 
prepare, weld and examine. ; 

The principal precautions to observe are that butting 
edges of the top and bottom members be faced by 
machining or grinding to insure accurate fit-un, which is 
critical, and that the specimen be cooled to the predeter- 
mined temperature between welding passes. In order 
to obtain maximum longitudinal stresses and determine 
any tendency of the weld metal to develop transverse 
cracks, the length of the specimen should be 18 in., and 
full-size miultiple-pass fillets should be welded, but 
susceptibility to base metal cracking can be detected by 
single-pass fillets on welds 6 in. in length. 

After welding, transverse sections | in. wide are cut out 
and examined for cracks. Magnetic powder inspection 
may be made on an abrasive wheel cut section or cracks 
may be detected by deep acid etching.* If desired, the 
strength of the fillet weld joint may be determined by « 
tensile test of the 1-in. wide transverse section. Cracks 
may develop in a hydrogen embrittled heat-affected zon 
during tensile testing,5 even though none were develop‘! 


* A stress relief treatment at 1100° F. is used before macroetching to avi! 
the possibility of etching cracks 
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Table XlI—Details of Welding Procedures for Butt-Weld Joints 


Welding Pro- Electrode 
cedure No. 1 s 


E10010 3/16" As Rec. 


3/16" 
3/16" 
3/16" 
3/16" 


5/32" 
1/4" 
3/16" Dried 


B11015 3/16" As Rec. 


E-11015 _3/16" As Rec. 


i Deposition Sequence 


3 
2 
/ 


Same as 1 
Same as 1 
Same as 1 
Same as 1 


195-200 


195-200 
210-215 
235-240 
235-240 


2 
/ 


Same as 1 
Same as 1 


Same as ] 


140-145 


345-350 


235-240 
215-220 


215-220 


Volts Plate Tem. °F. 


Initial 


Max. Inter- 
Pass Temp. 


24-26 


226 
24-26 
22-24 


22-24 


20-22 
26-28 
22-24 


20-22 


20-22 


70 


400 
70 
70 


300 


70 


70 
400 


200 


400 
200 
200 


300 


250 


Base metal sections flame cut to size. Welds for tensile and impact tests were made from two sections 12 x 5 in. thickness shown. 


Bevels flame cut for single V, 45°-included angle. 


All welds made in flat position with hold-down clamps, 1'/« x '/«-in. mild steel back-up bar used. 
Back-up bar removed by machining after completing welding on top side; seal bead then deposited with plate at initial temperature. 
One-quarter inch root gap on all except Procedures 6 and 7; '/ in. on Procedure 6; */s in. on Procedure 7. 


by welding stresses, but if sufficient time is given for the 
hydrogen to diffuse out at normal temperature or if the 
specimen is stress relieved, the hydrogen embrittlement 
will disappear. 

Table X gives the details of welding and the results of 
28 “Double T”’ crack susceptibility tests. The two sur- 


faces of three transverse sections from each specimen 


were examined by magnetic powder inspection for evi- 
dence of cracking. A number of sections were broken in 
a tensile machine after magnetic powder inspection. In 
the as-welded condition, failures through hydrogen 
embrittled heat-affected zones were observed in some of 
these tests, even when no cracks were detected by 
magnetic powder inspection; but if specimens were 
stress relieved before tensile testing, failures usually 
occurred by weld metal shear except when base metal 
cracks, revealed by magnetic powder inspection, were 
present. Figure 3 shows photographs of typical mag- 
netic patterns for base metal cracks and three types of 
tensile failures. 

Three deposition sequences were used for some of the 
welds see Table XI. The first deposition sequence re- 
quired that the weld be cooled to the initial plate or pre- 
heat-temperature between each pass and was the most 
severe. It will be noted that cracking was most frequent 
under the third pass. The probable explanation of this® 
is that the heat-affected zone of the third pass while cold 
and hydrogen embrittled is subjected to the stress caused 
by. thermal contraction of the fourth pass. 

The second deposition sequence allowed welding of the 
first two passes continuously after which the weld was 
cooled to the initial plate or preheat temperature before 
depositing the third and fourth passes without interrup- 
tion. With this sequence the heat-affected zone of the 


third pass is less embrittled because of its slower rate of 
cooling and, therefore, less inclined to crack under the 
cooling stresses of the fourth pass than when the first 
deposition sequence was used. 

The third deposition sequence allowed welding of the 
first three passes continuously without cooling between 
passes. This developed the highest interpass tempera- 
ture and, therefore, is the least severe of the three deposi- 
tion sequences. Since it is not possible to rely upon the 
benefits of high interpass temperature in industrial prac- 
tice, the first deposition sequence is used as the criterion 
of crack susceptibility, and the other two deposition 
sequences are regarded as demonstrations of the effects 
of interpass temperature. 

There were two types of cracks observed in the series of 
“Double T”’ tests as illustrated in Fig. 3. The toe crack 
appears to be a hot crack and to be prevalent in dirty or 
laminated steel. Such cracks usually grow parallel to 
the rolling direction. They also are observed at flame- 
cut edges before welding. Underbead cracks have been 
shown to be associated with hydrogen embrittlement of 
the weld heat-affected zone.® 

The results of Table X indicate that E 10010 electrodes 
are suitable for welding 0.16% C and 0.23% C Mn-Mo 
steel of '/, in. thickness without preheat. A 400° F. 
preheat and interpass were required to prevent under- 
bead cracking of '/, in. thick 0.30% C Mn-Mo steel and 
even 400°.F. preheat was insufficient for welding '/ in. 
thick 0.48% C Cr-Mo-V steel. Electrode E 9020 pro- 
duced underbead cracks in '/2 in. thick 0.16% C Mn-Mo 
steel welded without preheat. 

The E 9015, E 10015, E 10025 and E 11015 mineral- 
coated electrodes show decidedly less tendency to pro- 
duce underbead cracking, but in the critical ‘‘Double T” 
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test with these electrodes 0.28-0.30% C plate is border- Electrode E 10015 produced underbead cracking on '/,. 
line. With electrode E 9015, '/2 in. thick 0.30% C_ in. thick 0.30% C Mn-Ni-Cr-Mo steel when welded with. 
Mn-Ni-Cr-Mo steel was welded successfully without pre- out preheat even if absorbed moisture was removed } 
heat and 0.48% C Cr-Mo-V with 300° F. preheat. heating, but '/2 in. thick 0.48% C Cr-Mo-V steel was 
With electrode E 10025, '/. in. thick 0.30% C Mn-Ni- successfully welded with 300° F. preheat. Electrode F 
Cr-Mo steel was welded successfully with one brand 11015 also caused cracking of 0.30% C Mn-Ni-Cr-\Mo plate 
(Brand A), but a second brand (Brand B) had to be steel when welded without preheat even after heating of It 
heated at approximately 400° F. to drive off moisture electrode, but cracking was eliminated by 200° F. pre- 

absorbed during storage to prevent underbead cracking. heat. However, '/, .n. thick 0.48% C Cr-Mo-V steel 


Table XIII—Tensile Properties of Butt-Welded Joints and Charpy-Impact Values for Weld Metals = 
Tensile+ Results Charpy Impact 
Welding Thick-+ Specimen Y. S. Blong. | Ft. be. 
Procedure~ § Base Metal ness. | Condition||0.1% psi. T. S. psie|/% 2 in, Fracture +70°F. Bas 

1 +16 C Mn-Mo 1/2" aw 73,700 | 104,000 | 15.5 | Weld, some crystallinity at top 35.0 13.0 216 

E-10010 90,000 | 104,000 | 12.5 | Weld . 33.0 11.0 = 
SRS 94,900 | 105,000 | 17.5 Unaffected plate 13.0 4.0 223 
1 90,000; 104,500 | 16.0 | Unaffected plate 12.0 6.0 

1 0 Mn-Mo AW 82, 300 99,000 3.5 | Small amt. weld, HAZ, USC, flakes 37.0 11.0 

F-10010 65, 4oo 87,800 3.0 | Small amt. veld, FZ & HAZ, flakes in .0 11.0 
; SR 102,500 119,000 10.0 Weld irregular, crystalline root 18.0 5.0 
101,500 | 120,000 7-0 Weld and fusion zone 12.0 5.0 02! 

2 726 78,780 | 108,200 6.0 | Weld and HAZ, flakes 37.0 18.0 

#10010 87, 350 | 111,000 8.5 | Weld and HAZ, flakes 0 19.0 
194,080 | 121,200 | 16.0 | Weld 4.0 
100,800 | 122,800 | 17.0 Weld 11.0 3.0 

3 .16 © Mn-Mo 1j2" AW 84, 000 95,200 8.5 Yeld and fusion zone irregular, silky 30.0 13.0 02 

E9020 69,000 94, 000 6.5_| Yeld and fusion zone irregular, flakes 28.0 
SR 64, 700 97,200 5.0 Weld and FZ highly embrittled, large flakes 31.0 8.0 2 
86, 300 94,000 10.5 Weld and FZ, large flakes 39.0 17.0 
726 © lin-Mo iW 76,300 | 103,700 6.5 | Weld, fisheyes 
E9015 79,600 | 114, 300 9.3 Weld, fisheyes 
SR 86,300 | 104,900 | 14.0 | Weld 7 
$7,350 | 104,500 | 13.0 | weld 

748 Or-Mo-¥ iW =----== | . 74,900 3.5 Weld and FZ, highly embrittled, large flakeq 51.0 30.0 

E9015 52.0 | 32.0 
SR 92,000 118,400 | 11.5 | Yeld irregular, shear 23.0 
46.0 16.0 ; 

6 +23 C Mn-Mo 1/8" AW 100,400 | 102,300 1.0 |Weld, porous, gas holes a 
F-10025 103,800 | 130,800 | 5.5 | ‘eld, fisheye, gas holes pa 
Brand A SR 103,400 ' 120,000 | 4.0 |Yeld, gas holes +3 

102,200 | 121,300 4.5 - | Weld, good break 

7 +23 C Mn-Mo AW 65,300 103,500 11.5 Yeld, 45° shear, gas holes, fisheyes 7.0 34.0 
10025 900_| 105,100 | 14.5 | Weld, shear, fisheye 28.0 
Brand A SR i } 99,500 12.5 Weld, 45° shear, gas holes -0 28.0 . 

44,500 _: 100,800 | 20.0 | Weld, irregular 61.0 26.0 

a +23 © Mn-Mo 172" AW 80,200 121,000 | 11.5 |Weld, 45° break, silky 2.0 13.0 ar 
E-10025 85,400 | 122,000 | 9.0 |Weld, 45° break, fisheyes 35.0 | 16.0 
Brand B Sk 91,000 110, 200 14.0 Weld, cup and cone 2o°0 22.0 

95,900_| 113,500 | 14.0 | ¥eld, cup and cone 0 27.0 

© av 86,000 | 127,200 | 12.0 |Weld, irregular 45° 26.0 
F-10025 93,400 | 128,000 9.0 _|Weld, irregular, fisheye 47.0 21.0 
Brand B 85,100 | 111,000 | 11.0 | Weld, irregular 57.0 19.0 

95,100 | 112,900 | 13.0 | Weld, partial 61.0 | 24.0 

© Mn-Ni-cr- || 1/2" iw 80,800 | 124,800 | 12.5 |Weld, partial cup, silky 5.0 28.0 
E-10025 Mo 86,000 | 125,500 | 13.0 |¥Yeld, partial cup, silky 45.0 17.0 
Brand B SR 90, 300 110,000 16.0 Yeld, full cup and cone 52.0 17.0 ) 

93,600 114,000 | 15.0  {Weld, full cup and cone 49.0 21.0 

748 © Cr-Mo-V 17a" iW 91,200 | 102,800 3.0 |Weld, irreg., mostly silky, part 23.0 11.0 
E-10025 crystalline near fusion zone = 
Brand B 102,000 1 8.0 Yeld, irregular, silky, fisheyes 27-0 12.0 . 

SR 105, 200 124, 700 10.0 Weld, cup and cone 25.0 17.0 
108,600 126,400 5.0 _| Weld, 45° break, fisheyes 36.0 10.0 

9 © Mn—Mo 1 Av 108,500 | 152,500 5.5  |Weld, irregular 27.0 16.0 

#11015 109,500 | 145,500 1-5 Failed in plate next to HAZ 25.0 15:0 
SR 103,000 127,000 11.0 Failed in plate next to HAZ 16.0 -0 
109,500 125,000 12.5 | Failed in plate next to HAZ 15.0 4.0 
9 -28 C Mn-Mo 1/2" ay 106,000 | 136,000 6.5 | Weld, plate lamination 27.0 10.0 : 
E-11015 112,200 | 140,000 | 14.0 | Failed in plate 28.0 12.0 
SR 102,500 121,500 6.5 Weld, plate lamination 22.0 12.0 = 
102,600 | 129,200 9.0 | Weld, irregular, 45° break 18.0 8.0 
9 230 © Mn-li-Cr- 1/2" aw 119, 600 14k, 300 5.0 Weld, fusion zone, irreg. fisheye 26.0 9.0 
E11015 Mo 116,600 | 135,500 4.5 Weld, irregs 45° break, fisheyes 30.0 9.0 a 
a 103,900 | 120,000 | 13.0 | Weld, irregular 22.0 12.0 
_, 104,600 | 122,400 | 19.0 | Pailed in plate 23.0 14.0 
10 AW | 118,000 1.5 | Fusion gone, hydrogen embrittled flakes 17-0 
122,000 2.5 Fusion zone, hydrogen embrittled flakes 26.0 19.0 
135,000 154,800 9.0 Weld, irregular, partial cup 9.0 -0 
131,000 | 156,000 | 12.5 § Weld, partial cup 9.0 0 


1. See Table XII 
2. See Table IV 
He AW - Ae welded; SR - Furnace stress relieved 1100°F., 4 hours, furnace cool : 


Flat tensile specimen taken transverse to weld and to principal direction of rolling of base metal. Wold reinforcetent ground flush 
with plate surface. Gage section 2-1/4 x 1/2 x 1/2 inch. 


5. Standard .394" square Charpy bar taken transverse to weld with notch located in weld metal at root face. 
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could not be successfully welded with this electrode even mineral coated (lime or lime-titania base) electrodes differ 
with 400° F. preheat. in their tendency to produce underbead cracking in highly 

One inch thick 0.23% C Mn-Mo plate was successfully restrained weld joints on high hardenability steel. The 
welded with E 9025 electrode (Brand A), but a toe crack differences are believed to be related to absorbed and 
developed in the only specimen made with '/s-in. thick combined moisture contents. The use of a control test 


plate. such as the ‘‘Double T”’ is advocated. 
It is apparent that the presently available brands of 


Table XIV—Welding Procedures and Results of Tensile Tests for Sections' from ‘‘Double T’’ Fillet-Weld Joints 


Welding Procedure 
Depos ition 


quence ‘with 

Electrode ast Preheat and Specimen? Breaking Breaking? Location 
Condit io Interpass Temp. | Size of Fillet || ConditioniiLoad Lbs.| Stress psij of Fracture 

B-10010 As Rec. 1 3/8" single pass SR || 45,100 90,200 [Weld shear 


Tensile Results 


#10010 As Rec.| 1 3/8" single pass|| AW 45,200 | 90,400 (Plate laminatio 
SR 46,500 93,000 [Weld shear 
SR 53,600 107,200 shear 


B-10010 As Rec. 3/8" single pass AW 42,000 84,000 [Weld shear 
aw 46,800 93,600 shear 
SR 35,200 70,400 {Plate lamination 


E-10010 As Rec. 3/8" single pass AW 51,900 103,800 jWela shear 


E-10010 As Rec. 3/8" single pass aW 7,800 15,600 [Toe cracks pass 

1 and 2 

6,500 13,000 Toe cracks pass 

1 and 2 

-30 C Mn-Ni- E-10010 As Rec. 3/8" single pass 32,200 64,400 [UBC pass 3 
Cr—Mo 21, 300 42,600 |UBC pass 3 


+30 C Mn-Ni- E-10010 As Rec. 3/8" single pass 42,400 84,800 UBC pass 3 
Cr-Mo 28,500 57,000 pass 3 


30 C Mn-Ni B-10010 As Rec. 3/8" single pass 32, 300 64,000 wou pews 
Cr—Mo 17, 500 35,000 UBC pass 4 


-30 C Mn-Mi- E-10010 As Recs 3/8" single pass 36,000 72,000 | UBC pass 3 
Cr-Mo 28,500 57,000, | UBC pass 3 


+30 C Mn-Mi- E-10010 As Rec. 3/8" single pass 47, 600 95,200 Broke in plete 
Cr—Mo near weld 


19, 500 39,000 Broke in plate 
near weld 


+16 C Mn-Mo | 1/2" | B-9020 As Rec. 3/8" 19,000 38,000 | UBC pass 3 


+30 C Mn-Ni- 1/2" | E9020 As Rec. 3/38" 26, 700 53,400 | UBC press 3 
Cr—Mo 17,800 35,600 | UBC poss i 


«30 C Mn-Ni-| 1/2" |E-9020 As Rec. 3/8" 32, 300 64, 600 UBC pass 
Cr—Mo 21,200 42, 4oo UBC pass 


-30 C Mn-Mi-|1/2" |2-9020 As Rec. 3/8" 33,100 66,200 |Weld shear 
Cr-Mo 31, 300 62, 600 UBC pass 4 
34,000 68,000 UBC & 


-30 C Mn—Ni-/1/2" |2-9015 As Rec. 3/8" 38, 000 76,000 Weld shear 
Cr-Mo 38,000 76,000 Weld sheer 


«48 © Cr-Mo-}1/2" |%-9015 As Rec. 3s" 45,200 90,400 |Weld shear 
v 46, 000 92,000 Weld shear 


-30 C Mn-Mi-]1/2" |B-10025 As Rec. 3/8" i 46,000 92,000 |Weld shear 
Cr—Mo Brand A 38, 800 77, 600 Weld shear 


See Figure 2. 

Sdée Table IV. 

As Received = normal storage in standard package in heated building for 6 months or longer, 
Dried - Furnace heated, 350-400°F. for at least one hour, 

See Table xI. 

AW - as welded; SR - furnace stress relieved 1100°F., 4% hours furnace cooled. 


Breaking Stress = 


Load 
Cross sectional area of base metal 
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Tensile Properties of Butt Welds 


The tensile properties of butt welds for various com- 
binations of electrodes and high-strength base metals 
were determined by tests of standard transverse tensile 
specimens with weld reinforcements ground flush with 
s. Table XII gives descriptions of welding 
procedures, and Table XIII gives results of tensile tests 


plate surface 


Mechanical Properties of Welded Joints 


and of Charpy tests for specimens taken transverse to 
weld and notched in weld metal. 
The tensile specimens broken in the as-welded condi- 


tion showed varying degrees of hydrogen embrittlement 
which resulted in low values for elongation and fractures 
with fisheyes, flakes or evidence of general embrittlement. 
In accordance with the established dependence of 
hydrogen embrittlement® on rate of loading, hydrogen 
embrittlement did not affect results of Charpy tests. 
Since hydrogen embrittlement gradually disappears with 


Table XIV (Continued) 


Welding Procedure Tensile Results 
osition Se- 
quence with 
Thick- | Electrode and | Preheat and Specimen |/Breaking Breaking Location 
ase Metal | ness Condition Interpass Temp. Size of Fillet || Condition jjLoad Lbs. | Stress psi.| of Fracture 
48 C Cr-Mot 1/2" | B11015 As. Rec. 1 - 400°F. 3/8" single SR 21,100 42,200 UBC pass 3 
v 
-16 C Mn-Moj 1/2" [210010 As Rec. 3 1/2" double pas AW 54,900 4109, 800 Failed in plate 
‘ i AW 55, 300 110, 600 Failed in plate 
SR 53,500 107,000 Failed in plete 
+23 C Mn-Hoj 1/2" | B-10010 As Rec. 3 1/2" double pas AW 63,000 $126,000 Failed in plate 
AW 800 Failed in plate 
SR 56, 600 117,200 Failed in plate 
+23 C 1/2" | £-10025 Dried 3 1/2" double pas AY 64,400 128,800 Failed in plate 
Brand B AW 64, 400 128,800 Failed in plate 
SR 59,300 118, 600 Pailed in plate 
30 C Mn-Ni+ 1/2" | E-10025 Dried 1 ~ 200°F, 1/2" double pas AW 72,000 {144,000 Weld shear 
Cr=Mo Brand B AW 64,800  1139,600 Weld shear 
SR 59, 700 119,400 Weld shear 
28 C Mn=-Mo} 1/2" |E-11015 As Rec. 3 1/2" double pas AW 67,000 }13%4,000 Feiled in plate 
ay 67, 300 134, 600 Weld shear 
SR 63, 200 126, Failed in plate 
130 Mm-Mi4 1/2" |B21015 As Rec. | i - 200°F. | 1/2" double pess| 63,300 226,600 {Weld shear 
GmMo AW » 300 130, 600 Plate laminatio 
and HAZ 
SR 59,600 {119,200 HAZ vertical 
horizontal 
plate 
Cr-Mo | 1/2" | B-11015 As Rec. 1 3/8" single pass] AW 103,400 jWeld shear 
SR » 700 91,400 . [UBC pass 3 
SR 39,800 79, UBC pass 3 
C 1/2" | %11015 as Rec. 2 3/8" single pass|}| AW 4g, 900 99,800 Weld shear 
sR 40,200 80, 400 eld shear 
SR 46, 400 92, 800 C pass 3 
-30 C Mn-Ni4 1/2" | B-11015 As Rec. 3 3/8" single puss} AY ,600 | 105,200 1d shear 
aw ,000 96,000 Weld shear 
-30 C Mn-¥i- 1/2" | E-11015 Dried 1 3/8" single pass|| AW 52,700 C pass 3 
Creo SR 32, 800 C pass 3 
C Cr-Mo-| 1/2" | 311015 As Rec. 1 3/8" single paes|; AY 1,600 3,200 [UBC pass 3 and 
v 
4g © Cr-Mo-|1/2" |%-11015 As Rec. 2 3/8" single pass|| AW 29,600 | 59,200 UBC pass 3 
C CrMo-| 1/2" | B-11015 As Rec. 3 3/8" single pese|| AW 25,500 51,000 UBC pass 3 
v AY 38,200 76,400 [IBC pass 3 and 4 
1/2" |2%-11015 As Rec. 1 - 200°F. 3/8" single pass|i AW 24,000 4g,000 BC pass 3 
SR 11,900 23,800 UBC pass 3 
1/2" |211015 Dried 1- 200°F. 3/8" single pass}; AW 14, 600 29,200 IBC pass 3 
SR 50,600 | 101,200 (IBC pass 3 
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= 
his: 
| 
} 
f 
zy 
- 
+ 
ES 
Mie 


Table XIV (Continued) 


Welding Procedure Tensile Results 
Deposition Se- 
quence with 
Thick-| Electrode and Preheat and : Specimen || Breaking Breaking Location 
Base Metal | ness Condition Interpvass Tem. Size of Fillet || Condition|) Load Lbs.j| Stress psi. of Fracture 
Mn-Mo] 1" | B10025 Ae Rec. 1 1/2" singlo pass AW 65,000 65, 000 Weld shear 
Brand A SR 61, 300 61,300 |Weld shear 
.23 C Mn-Mo| 1/8" | B-10025 As Rec. 1 3/16" single SR 11,450 91,600 Toe crack pass 
Brand A pass 1 
.26 C Hin-Mo} 1/2" | B-10025 As Rec. 1 3/8" single pass a 45, 600 91,200 UBC pass 3 
Brand B SR 42, 450 84, 900 UBC pass 3 
.30 C Mnm-Ni+ 1/2" | B-10025 As Rec. 1 3/8" single pess AW 31, 600 73,200 UBC pass 3 
Cr-Mo Brand B AW 5,000 10,000 UBC pnss 3 and 
-30 C Mn-Ni~ 1/2" | B-10025 As Rec. 2 3/6" single pass AW 42,000 84, 000 UBC pass 3 
Cr-Mo Brand B AW 36, 900 73,800 WC pass 3 


-30 C Mn-Ni4+ 1/2" | 510025 As Rec. 3 3/8" single pass AW 40, 900 $1,800 Weld shear 
Cr-Mo Brand B 

-30 C Mn-Mi- 1/2" | [10025 Dried 1 3/8" single pess AW 42, 300 64,600 [Weld shear 
Cr—lMo Brand B SR 40, 190 60,200 |Weld shear 


-30 C Mn-Mi- %10915 As Rec. 1 3/8" 


Cr-Mo 


single pass 


86, 400 
66,000 


Yeld sheer 
UBC pass 3 


43,200 
33,000 


210015 Dried 1 3/8" 


Cr-Mo 


single pass 


74, 000 
64, 800 


UBC pass 3 
UBC pass 3 


37,000 
32, 400 


C Cr-Mo-~ B-10015 As Rec. 1 = 300°F, | 3/8" 
v 


single pass 


96, 400 
91,000 


Weld -shear 
Weld shear 


aging at normal temperature,’ it cannot be said definitely 
that evidence of hydrogen embrittlement in these tensile 
tests will mean that the service properties of the welded 
joints will be impaired. 

The stress-relief treatment generally reduced hydrogen 
embrittlement, an exception being the weld made with 
electrode E 9020, which would be expected to contain 
large amounts of hydrogen. Weld metals which show 
marked secondary hardening during stress-relief treat- 
ment tend to decrease in notched bar impact toughness as 
discussed in a preceding section. 

Without exception the strength of welded joints tested 
either as-welded or stress-relieved was above the mini- 
mum tensile strength of the undiluted weld metal. The 
Cr-Mo electrode E 11015 was particularly noteworthy, 
the strength of the welded joints on 0.48% C Cr-Mo-V 
plate exceeding 150,000 psi. after stress-relief treatment. 

The problem of rating toughness of welded joints was 
discussed and some qualitative comparisons of toughness 
of joints made in heat-treated base metal with E 10010 
and E 9015 electrodes were given in a previous report.’ 
Experience indicates that, in the absence of cracks during 
welding and with Charpy V-notch impact values of 
greater than 10 ft.-Ib. at —40° F. for both base metal and 
weld metal, failures attributable to lack of toughness 
will not be encountered in any ordinary structural serv- 
ice. 

Table XIV gives the strength of a few fillet welds as 
determined by tensile testing of 1-in. wide sections from 
“Double T’’ specimens. These are offered without com- 
ment since the strength of fillet welds is a function of the 
fillet size and can be altered at will. 


Summary 


1. Suitable type base metals, ferritic electrodes and 
welding procedures for constructional steel structures 
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designed to 90,000—150,000 psi. minimum yield strengths 
are discussed and illustrated. The primary considera- 
tion for such applications is believed to be freedom from 
base metal cracking during welding of restrained joints. 
A “Double T’’ fillet weld specimen (Fig. 2) has been 
selected as a representative test section. 

2. Results of crack susceptibility tests (Table X) and 
tensile tests of butt welds (Table XII) indicate that '/, 
in. thick, 0.20% maximum C Mn-Mo quenched and tem- 
pered steel plate can be successfully welded with E 10010 
type electrodes without preheat; and yield strengths of 
90,000 psi. and tensile strengths of over 100,000 psi. can 
be obtained in the welded joints after a full stress relief 
treatment. One-half inch thick heat-treated medium 
alloy steel plate of 0.20-0.30% C can be welded with lime 
or lime-titania base coated electrodes without preheat; 
and yield strength of 100,000 psi. and tensile strengths of 
greater than 120,000 psi. can be obtained in welded joints 
after a full stress relief treatment, but differences in the 
tendency of available brands of electrodes to produce 
cracks in restrained joints of 0.26-0.30% C alloy steel 
make the application critical. High 0.48% C medium- 
alloy steel plate of '/; in. thickness requires preheat of 
300—400° F. for successful welding of high strength joints. 

3. Data on notched bar impact toughness of weld 
metal from undiluted weld pads and from welded joints 
and on strength of fillet welds are presented 
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The Flash Welding of Hard-Drawn 
High-Carbon ‘Steel Wire 


Introduction 


LTHOUGH the flash-welding process 
has been used for many years for 
joining low-carbon steels, it has only been 
in recent years, and especially during 
World War II, that this method of fabri- 
cation has been extensively and success- 
fully applied to alloy and high-carbon 
steels. The. demands of the Army and 
Navy Departments for better and faster 
methods for joining aircraft and ordnance 
parts and other structures have resulted 
in a substantial increase in the use of flash 
welding and have stimulated considerable 
research to determine the utility and limi- 
tations of the process. 
This paper describes the results of a re- 
search investigation conducted at Bat- 


telle Memorial Institute for the Navy De- 


partment Bureau of Ordnance, for the pur- 
pose of developing a process for making 
welded joints in cold-drawn, high-carbon 
steel wire of 220,000 psi. ultimate tensile 
strength which would have the same 
strength, ductility and toughness charac- 
teristics as the wire. Flash welding was 
considered to be the most logical welding 
method to accomplish this task, because 
strong, efficient joints could be produced 
at high rate and low cost, and the welding 
equipment did not require a highly skilled 
technician for the production operation. 
From the beginning, the wire could be 
flash welded, but the resulting joints were 
extremely hard and brittle, as would be 
expected of rapidly cooled high-carbon 
steel, and it was evident that some sort of 
post-weld heat treatment was needed. 
Conventional heat-treating methods 
were first studied, but they were not 
readily adaptable to the welded assembly 
of high-carbon steel. Although flame or 
resistance tempering of the individual 
welds could be accomplished, the strength 
of the joints was lowered considerably, 
because of inadequate control over the 
drawing temperature and increase in the 
width of the softened heat-affected zone. 
Furthermore, because of the nature and 


* Scheduled for Tent Seventh Annual Meet- 
ing ‘aan S., Atlantic City, N. J., week of Nov. 
ak: Welding Engineer, Battelle Memorial Insti- 
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Fig. 1—Close-Up of Ends of 0.221-In. Carbon-Steel Wire to Be Flash Welded, Showing 
Ends Beveled to Facilitate Initial Flashing. 5 X 


design of the welded structure, it was im- 
practical to remove each weld. from the 
dies and temper it separately. On the 
other hand, an over-all heat treatment of 
the entire weldment would have a detri- 
mental tempering and softening effect on 
the base material, thus destroying the 
physical properties obtained by the cold 
drawing. In addition, an all-welded 
assembly, without immediate postheat to 
temper the joints, would be very difficult 
to handle and many of the brittle welds 
would fail before heat treatment could be 
accomplished to transform them to a softer 
and more ductile condition. 

After early tests had shown the con- 
ventional methods to be unsatisfactory, 
an automatic heat treatment of the welded 
joint was developed which transformed 
the austenite in the weld zone directly 
into a soft, relatively ductile structure con- 
sisting largely of pearlite.. This was ac- 
complished in the welding dies immedi- 
ately after upset, by arresting the temper- 
ature of the joint at about 1000 F. during 
cooling and maintaining that temperature 
until the desired structural transformation 
had been completed. The strength of the 
resulting joint was about 90% that of the 
cold-drawn wire, and it had good ductility. 

The applicability of this method of 
automatic postheat treatment of flash- 
welded joints in cold-drawn, carbon-steel 
wire to production has been adequately 
proved by the thousands of joints that 
have successfully stood up during service 
and test conditions, which have led to the 


acceptance of this process by the Bureau 
of Ordnance. 

The high production efficiency that has 
been developed by using the flash-welding 
process with automatic postheat treat- 
ment has been demonstrated by a de- 
crease of about 60% in fabricating costs. 


Equipment 


A 30-kva. mechanically operated, Tay- 
lor-Winfield, flash-welding machine was 
used to produce the welds studied during 
this investigation. The welding current 
was supplied from a 240-v. line to two 
autotransformers that could be regulated 
to provide a secondary flashing voltage 
ranging from 0.2 to 7.0 v. The welding 
current was controlled by an ignitron con- 
tactor actuated by limit switches on the 
machine. 

To control the cooling in order to elimi- 
nate a hard, brittle region at the weld, it 
Was necessary to use a postheating proc- 
ess. The postheat current was controlled 
automatically by a synchronous motor- 
driven timer which was actuated at the in- 
stant of upset. After the desired cooling 
period, the timer actuated the ignitron 
contactor, and a relatively low current, 
reduced by means of a phase-shifting con- 
trol, was passed through the welded joint, 
holding it at a relatively constant temper- 
ature. After the proper time at this tem- 
perature, the timer cut off the current and 
the weld was removed from the dies and 
cooled in air. 
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The welding dies or electrodes were 
made of hard manganese-bronze with 
Elkonite 1W3 inserts, silver-brazed to the 
die blocks. The bearing surface on each 
pair of dies was 1'/, in. long, suitably 
grooved for 0.221-in. diam. wire. Using 
these dies, and keeping the groove sur- 
faces reasonably clean, there was no slip- 
page of the wire in the dies at upset, so 
that no backup support was required. 


Material 


The types of wire used in this investi- 
gation were: (1) bare, cold-drawn, high- 
carbon steel wire 0.221 in. in diameter, 
and (2) 0.221-in. diam. wire of approxi- 
mately the same composition, but with a 
galvanized coating approximately 0.003 
in. thick. The chemical composition and 
tensile strengths were as follows: 


had to be devised to eliminate the brittle 
structure at the weld joint. However, the 
heat treatment had to be localized to the 
immediate weld zone, since it was essen- 
tial to keep the rest of the wire in its origi- 
nal hard-drawn condition. Flash welds 
were made similar to those previously 
described, except that the joints were heat 
treated in the dies by means of a short- 
circuit current applied at various intervals 
after the completion of upset. 

In another test series, the electrodes 
(dies) were steam heated to eliminate the 
rapid chilling of the weld that occurred 
when the dies were water cooled. The 
higher die temperature along with the rela- 
tively low postheat current retarded the 
cooling rate of the joint, so that a soft, weid 
structure was obtained. These welds had 
considerable ductility, and also high 
strengths of’ 188,000 to 195,000 psi., as 


Wire 
Diameter, Average Chemical Composition, % 
In. Cc Mn Si 
0.221 0.74 


0.63 0.25 


0.019 


Average Ultimate 
Tensile Strength, 
Psi. 

225,000 (bare) 


0.022 
. 220,000 (galvanized) 


This wire is characterized by a combi- 
nation of high tensile strength, ductility 
and toughness. Welding heat hardens 
and embrittles the wire in the weld zone 
where the temperature rose above Ac, 
and draws it to a lower tensile strength in 
the narrow external zone where the cold- 
drawn base material is tempered. 


Flash-Welding Method 


When first flash welding a new material, 
the conditions required to produce a sound, 
strong joint must be determined. A\l- 
though flash-welding standards have been 
established which contain an approximate 
schedule of machine settings for a given 
size of material, it is imperative that these 
settings be adjusted to satisfy the elec- 
trical characteristics of the individual 
flash welder, as well as the welding charac- 
teristics of the material. This is usually a 
trial-and-error procedure with strength 
tests, bend tests, visual examination and 
sometimes microsections and hardness sur- 
veys being the criteria used in evaluating 
the weld quality. 

By such a procedure, the optimum con- 
ditions of flash-off, upset, welding current 
and current cutoff were determined for 
the 0.221-in. high-carbon steel wire. It 
was also found that by grinding a shallow 
bevel of about 15° on the abutting wire 
ends to facilitate the start of flashing 
(Fig. 1), and using the lowest possible cur- 
rent that would maintain constant flash- 
ing, the strongest and most uniform 
joints could be obtained. 

Trial weld joints, made with no post- 
heat treatment, were tested in static ten- 
sion and slow bending. The ultimate ten- 
sile strengths of these welds varied from 
0 to 180,000 psi., while the bend tests in- 
dicated that all of the joints were hard and 
brittle in the weld region, as shown in 
Joints 1 and 2 of Fig. 2. 

It became apparent that to obtain flash 
welds in the strong, ductile, hard-drawn 
base material, a heat-treating schedule 


shown in Table 1, Tests 4, 5and 6. Fail- 
ure occurred in the soft zone outside the 


weld, and satisfactory bend tests of the 
type illustrated in Joints 4 to 8, Fig. 2, 
were obtained. 

Other variations in welding and post- 
heating schedules were used as shown in 
Table 1. These included: (1) double 
postheat treatment, (2) full cooling fol- 
lowed by reheating in the dies to temper 
the brittle weld structure and (3) vari- 
ations in cooling time after upset and 
period of current dwell during postheating. 

These initial tests (Table 1) were erratic 
and only partially successful because of 
the improper correlation between the cool- 
ing time and the period of current dwell 
during postheating. Bend and tension 
tests indicated that many of these welds 
were brittle, and that consistent heat 
treatment was not being obtained. It 
was also observed that, if the temperature 
during heat treatment was allowed to rise 
to a red heat or above, the resulting weld 
would be brittle. 

A study of the isothermal transforma- 
tion diagram for 0.80% carbon steel shown 
in Fig. 3 confirmed the observations made 
during the initial tests and showed: (1) 
that far complete transformation to a duc- 
tile structure, a heating time of at least 
10 sec. at about 1000° F. is required, and 
(2) that if the heating temperature is sub- 
stantially above or below 1000° F., the re- 
quired heating time increases to a minute 


Fig. 2—Bend Test Specimens Showing the Effect of Various Welding and Postheat- 


Treating Schedules on the Stren 
0.221-In. 


and Ductility of Flash-Welded Joints Made in 
arbon-Steel Wire. 


FLASH WELDING HIGH-CARBON STEEL WIRE 
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STEEL Fig. 3—Isothermal Transformation Dia- 


08 % C 08 % Mn gram Showing the Time and Tempera- 


C-0.79 Mn-O076 ture Required to Transform Martensite to a 


er and More Ductile Pearlite 
AUSTEMTIZED AT 1650 ; GRAIN SIZE: 6 c U.S. Steet C 
oF TTTTM | TT 
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0.75% carbon-steel wire, a suitable. heat 

treatment, on the basis of isothermal trans- 

ns formation data, is one in which the tem- 

A perature is arrested at about 1000° F. 

r : | after welding, and maintained at that tem- 


— 32 

- i perature for a minimum of about 15 sec. 
Bs 

/ 

H 

‘ 

~ 
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‘ or more. Therefore, for the cold-drawn 
/ 


~ 


“y APPROXIMATE ZONE OF A series of welds (Test 13, Table 1) made 
_- HEAT TREATMENT iN — 38 on the basis of the isothermal transforma- 
FLASH -WELOING MACHINE tion data, produced cénsistently strong 


40 joints having an average efficiency of 86% 
of the strength of the unwelded wire (227,- 
000 psi.) and satisfactory ductility, as 
\ shown in Items 11 and 12, Fig. 2. 
A+F#C Fec Three series of consistency tests (Tests 
. 4/ 14, 15 and 16, Table 2) were made using 
the same welding conditions with minor 
variations in the heat-treating schedule to 
obtain the maximum possible ductility in 
the heat-affected zone at a tensile strength 
of 190,000 psi. or higher. Figure 4 repre- 
ed sents schematically the welding and heat- 
a 4 \ ~ — 55 treating conditions for the specimens flash 
i , welded during the consistency tests re- 
4 57 ported in Table 2. 
/ | The quality of the flash welds was evalu- 
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if 
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ated by subjecting the welded joint toa 
proof bend test in a jig of the type shown 
| in Fig. 5. In this jig the straight welded 
section is bent to a radius of 4 in.; upon 

release from the jig the straight section 

retains a permanent set. If the joint is 

6€ brittle or of poor quality because of im- 
LI} proper welding or postheating, the speci- 

men will usually fail within the weld. Un- 
= 8 der properly established conditions, how- 
ever, all joints which pass this proof test 


TIME ~ SECONDS can be bent further to the amount shown 
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0,3-— PLATEN TRAVEL 


UPSET 0.11" 


| 


FLASH -OFF 0 17" 


| 


MATERIAL 
\ LOST .28" 
\ 


\ ESTIMATED TEMP 
\ IN WELD ZONE 
\ BETWEEN DIES 


1800 


| 


PLATEN TRAVEL — IN. 


| 
TOTAL 
| 
| 
| 
| 


1400 


FLASHING TIME 


| 
)UPSETTIN 4 


TEMPERATURE -°F 


‘ 
FLASHING CURRENT (60x) UPSET CURRENT POSTHEATING CURRENT 
3 CYCLES 


WELDING COOLING POSTHEATING 


TIME 1.65 SEC TIME 3.5 SEC, TIME 15 SEC. 


Fig. 4—Schematic Diagram for a Typical Flash-Welding and Postheating Cycle 


FLASH WELDING HIGH-CARBON STEEL WIRE 


0,2 | 
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Af Fig. 5—Proof-Testing Jig with 4In, Bend 
5 Radius, for Detection of Improperly Welded 
poe or Improperly Heat-Treated Joints 


Fig. 7 (below)—Fractured Surfaces of Ten- 

Bi sion Specimens Shown in Fig. 6. 5 X 
Specimens 3 and 4 (top) failed at the weld 
line, defects are thin oxide films known as 


“flat spots.”’ 
Specimen | Specimen 2 
Specimens 3 and 4. Failure in weld line caused by defects shown in Fig. 7. 
Specimens 5 and 6 (bottom) failed in the Specimens 5 and 6. Cup and cone fracture in soft zone. (Also see Fig. 7.) 
soft zone away from the weld. Fig. 6—Typical Bend and Tension Fractures of Flash-Welded 0.221-In. Carbon-Steel 


Wire. 2x 


a 
‘ 
ae 
ey oe 662-s WELDING RESEARCH SUPPLEMENT OCTOBER 
t 
« 


in Fig. 2, Joints ll and 12. Since the small 
bend was not detrimental to the product, 
the proof bend test was used as a produc- 
tion control check for thousands of welds 
made by this process for the Navy. 

After the joints had been proof tested 
the experimental welds were tested to de- 
struction by static tension, slow bending 
or static torsion. Microexaminations and 
Vickers hardness surveys were also made 
and will be discussed later. 

Figure 6 shows typical tension and bend 
test results. In the upper portion of the 
photograph two bend tests are shown, one 
of which was carried to fracture. Both of 
these welds were considered satisfactory. 
The lower half of Fig. 6 shows two types of 
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tension test fractures. Only when frac- 
ture occurred adjacent to the weld line 
without attendant reduction in area was 
the tensile strength lowered. The reasons 
for failure on the weld line with no duc- 
tility, and oftentimes with no decrease in 
strength, have not been fully established, 
but one of the probable reasons is illus- 
trated in Fig. 7. Specimens 3 and 4 in the 
top portion of the photograph show the 
surfaces of the two fractured welds illus- 
trated in Fig. 6, which failed directly on 
the weld line. The fractures included 
areas termed “‘flat spots,’’ which have been 
identified as unwelded, or only partially 
welded areas, usually with a film of metal- 
lic oxide covering their surfaces. Inas- 


Fig. 8—Torsion Tests of 
Flash-Welded Joints (and 
One Unwelded Specimen) 
Made from 0.221-In. Carbon- 
Steel Wire. Failure in All 
Welded Specimens Occurred 
in the Soft Zone (B). 3 X 


much as the flash and upset at the weld 
were not detrimental to the welded struc- 
ture, they were left intact. The increased 
cross-sectional area at the joint reinforced 
the weld, so that unless a defect of con- 
siderable size occurred, failure took place 
in the soft zone. If a large defect was 
present, a nonuniform heat treatment usu- 
ally resulted, so that the weld failed during 
proof testing and was eliminated from the 
final structure. 

Figure °8 illustrates typical results of 
torsion tests of the flash-welded joints in 
the ungalvanized wire. In the welded 
specimens, all fractures occurred at the 
soft zone. An analysis of the relative hard- 
ness across the weld zones is shown in Fig. 
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Fig. 9—Vickers Hardness Survey of As-Welded and Heat-Treated Flash Welds in 0.221-In. High-Carbon, 
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9, and will be discussed later. However, 
it is significant that practically all of the 
angular torsional distortion and subse- 
quent failure occur in the narrow soft- 
drawn zone. Since service conditions for 
the welded structure did not impose any 
torsional stresses, the strength obtained 
was adequate. 

After extensive field and service tests by 
the Navy, it was considered necessary to 
increase the over-all load strength of the 
welded structure. This was done by in- 
creasing the wire diameter from 0.221 to 
0.262 in. in the same type of cold-drawn, 
high-carbon steel wire. To compensate 
for this increase in wire size, minor varia- 
tions were made in the welding and post- 
heating schedules. Further refinements of 
these schedules by the use of more precise 
equipment resulted in weld joints that con- 
sistently produced joints having an aver- 
age strength efficiency of 90% that of the 
unwelded wire. 

In addition to the many flash-welded 
and heat-treated joints tested to destruc- 
tion at the Battelle and the Navy labora- 
tories, thousands of welds have stood up 
well under severe service and field condi- 
tions. 


Metallurgy of the Flash-Welded Joints 


As previously stated, it became appar- 
ent after the first trial welds that the de- 
sired properties could be obtained only if 
the joints were heat treated after welding. 
Furthermore, because of the nature and 
design of the welded structure, it was 
necessary from a metallurgical standpoint 
to perform this heat-treating operation in 
the dies immediately after welding. Also, 
an all-welded assembly, without immediate 
postheat to temper the joints, would be 
very difficult to handle and many of the 
brittle welds would fail before heat treat- 
ment could transform them to a more duc- 
tile condition. 

Therefore, by means of a phase-shifting 
postheat control unit and a synchronous 
motor-driven timing unit, welds were 
made with variations in the amount of 
pestheating current dwell, and in the 
length of cooling time between the end of 
upset and application of the postheating 
current. The latter variable was found to 
be very important because if the low post- 
heating current was applied too soon after 
upset, while the welded joint was still ap- 
preciably above red heat, the electrical 
resistance was sufficiently high to cause 
excessive reheating of the joint. However, 
by cooling the joint to a dull red heat, the 
postheating temperature could be main- 
tained relatively constant. As finally de- 
veloped, the temperature of the welded 
joint decreased to about 1000° F. in 4 or 
5 sec., and was then arrested by the appli- 
cation of a low current and kept at that 
temperature for 5 to 15 sec. Following 
this, the current was cut off and the joint 
cooled normally in the dies. 

The effect of postheat treatment on the 
hardness of the flash-welded joint (and 
concurrently on its ductility as shown by 
the reduced hardness in the weld and 
drawn zones) is shown in Fig. 9. In the 
as-welded condition (Fig. 9 (a)) the weld 
zone (D,) is very hard and brittle, although 
the weld line (2) has a considerably lower 
hardness than the adjacent fully marten- 
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(a) 
| A = Unaffected metal 
®t 8 = Drawn or soft zone 
C = Critical range zone Heat-affected metal 
D, = Hardened weld zone 
E = Weld line 
Vertical dotted lines indicate _ die opening (see also Fig. 9(a)). Etch, 2% Nital. 10x 
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Weld line structure £ sousuilina rat martensite and fine pearlite(tro- 
ostite) in the old grain boundaries. Outer regions (right and left) zone 
D, are predominantly hard martensite. Etch, 2% Nital. 150 x 
Fig. 10—Typical Flash-Welded Joint in 0.221-In. Carbon-Steel Wire, 

As-Welded Condition 
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A = Unaffected metal 
B = Drawn or soft zone 


C = Critical range zone Heat-affected metal 
D, = Heat-treated (soft) weld zone 
E = Heat-treated (soft) weld line 


Etch, 2% Nital. 10 x 


Weld line structure E consisting predominantly of fine pearlite (tro- 
ostite). Etch, 2% Nital. 150 X 


Fig. 11—Typical Flash-Welded Joint in 0.221-In. Carbon-Steel Wire 
Showing the Effects of Postheat Treatment (Compare with Fig. 10) 


sitic structure. The extreme boundaries 
of the heat-affected zone consist of a par- 
tially transformed structure (C) and a 
softened zone (B). The metallographic 
structure of a typical as-welded joint is 
shown in Fig. 10. Figure 10 (a) shows a 
macrosection of the as-welded joint in 
which the various zones of the weld are 
identified. Figure 10 (6) shows the weld- 
line structure consisting of a martensite 
matrix with a network of a softer trans- 
formation product in the former austenite 
grain boundaries. Adjacent to the weld 
line is a very hard martensitic structure. 

The hardness of a joint which was heat 
treated in the dies after flash welding is 
shown in Fig. 9 (6). Here there is no hard 
martensite in the weld zone (D,), which is 
somewhat softer than the unaffected steel. 
These welds exhibit much better ductility 
and bending strength than welds with no 
heat treatment, although the tensile 
strength may be somewhat lower, probably 
because of additional softening in Zone B. 
An attempt was made to raise the tensile 
strength to more than 200,000 psi. by ad- 
justing the heat treatment so that the 
softened zone would have approximately 
the same hardness as the average unaf- 
fected wire. The results of these tests indi- 
cated that the border line of consistently 
good heat treatment had been reached and 
that it would be better to accept the 
slightly softer, but more consistently strong 
and ductile joints, indicated by Fig. 9 (5). 
Figures 11 and 12 show the metallographic 
structure of the heat-treated flash weld. 
The weld-line structure (EZ) shown in Fig. 
11 (6) is predominantly fine and medium 
pearlite, indicating complete transforma- 
tion of the martensite. Figure 12 is a 
highly magnified photograph of such a 
weld-line structure. 

Another metallographic feature of a 
flash-welded joint is the outbent fiber that 
is produced by upsetting banded or segre- 
gated structures which may occur in the 
base material. Although this condition 
is not basically a flash-weld defect, it is 
often associated with heavy segregations 
that are deformed at the weld into a plane 
almost parallel to the weld line and normal 
to the direction of tensile stress. In this 
position, the segregations tend to reduce 
the strength of the flash-welded joint. 
However, by keeping the amount of upset 
to a minimum and reducing the abrupt- 
ness of the outbent fiber, the strength of a 
clean, homogeneous steel will not be ma- 
terially affected. A flash-welded joint in 
the cold-drawn wire, having a normal out- 
bent fiber condition, is shown in Fig. 13. 


Defects in Flash Welds 


During the development of a satisfac- 
tory procedure for flash welding the steel 
wire, it was observed from time to time 
that certain defects occurred (aside from 
the “flat spots’’ previously mentioned), 
which reduced the strength of the flash- 
welded joints even when the welding pro- 
cedure and heat treatment were favorable 

In some isolated cases, wire had been 
found to have a fissure or core that per- 
sisted in the center of the cross section 
Although the wire would meet the specified 
strength requirements as drawn, it was 
unsuitable for flash welding. Upon weld- 
ing, the core or fissure was upset at the 
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Fig. 12—Weld Line Structure (Zone £, Fig. 11(a)) of Flash-Welded 


Fig. 13—Flash-Welded 0.221-In. Carbon-Steel Wire Showing 
the Outbent Fiber Produced by Upsetting. After Welding, 


0.221-In. Carbon-Steel Wire After Postheat Treatment. Structure the Joint Was Normalized at 1575° F., and Followed by a Ful! 
Consists Predominantly of Fine Pearlite (Troostite) with Small Amounts Anneal from 1400° F., in Order to Bring Out the Flow 
of Other Structures. Etch, 2%Nital. 1000 x Lines. Etch, Stead’s. 10 x 


weld line into a plane normal to the axis 
of the wire, as shown in Fig. 14. This con- 
dition caused a large flaw in the weld, 
which decreased the strength of the joint. 

Early in the investigation while flash 
welding bare, cold-drawn, high-carbon 
steel wire, another type of defect known 
as a “die burn’’ was found in the wire a 
short distance away from the actual weld 
joint. These ‘‘die burns’ were hard mar- 
tensitic areas that occurred on the surface 
of the wire within the sections clamped in 
the electrode during welding. Figure 15 
shows the surface appearance and cross 
section of typical “die burns” in high- 
carbon steel wire adjacent to the flash- 
welded joint. 

Microhardness impressions made in the 
weld zone of an unheat-treated joint (D,, 
Fig. 10) and in the “‘die burn’”’ showed an 
average hardness in both zones of 850 to 
900 Knoop hardness numbers, as com- 
pared with an average of 500 Knoop hard- 
ness numbers in the unaffected wire. 

It is believed that ‘die burns” are 
caused by either or both of the following 
conditions: 

1. High spots in the wire or dies pro- 
duce local areas of good electrical contact 
near which the current density in the wire 
may tend to be very great. The high cur- 
rent required to maintain flashing causes 
local overheating, so that the temperature 
of the wire at these spots exceeds the upper 
critical temperature and converts the 
area into austenite. The subsequent rapid 
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Fig. 14—Flash-Welded 0.221-In. Carbon-Steel Wire (As-Welded Condition) Showing 
the Formation of a Defect in the Weld Line Caused by a Pipe in the Core of the Wire. 
Etch, 2% Nital. 10 x 
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(a) 5 As-welded. 
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(b) Polished; etch, 5% Nital. 5 x Dotted lines show final die opening. 
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(c) Etch, 2% Nital. 10 x. Cross 
section through C and D showing die 
burns (white martensite). 


Fig. 15—Surface Appearance and Cross 

Section of Typical Die Burns in a Flash- 

Welded Joint (Bare High-Carbon Steel 
Wire, Manganese-Bronze Dies) 


chilling of the overheated spot by the wa- 
ter-cooled dies produces small areas of 
hard martensite. 

2. The natural tendency of an electric 
current is to follow the path of least resist- 
ance. In the absence of other effects, the 
shortest path, and the one with least resist- 
ance, tends to be across the inner ends of 
the lower, current-carrying, die grooves. 
This causes similar overheating and rapid 
cooling at these points, as shown in Fig. 15. 

Many tests of various types of welding 
electrodes (dies) and wire surfaces were 
made to determine a means of eliminating 
die burns without interfering with the 
welding and heat-treating schedule re- 
quired for high-quality welds. It was 
found that a bright-galvanized surface on 
the wire would prevent the localized over- 
heating by improving and increasing the 
area of contact between the electrode and 
the wire. Microexamination of flash- 
welded joints made with galvanized wire 
indicated that the zinc adjacent to the 
abutting surfaces volatilized during flash- 
ing, and was not detrimental in any way 
to the quality of the joint. 

Impact bend tests were made to study 
the effect of ‘die burns’ on the strength 
of flash-welded joints. The first series of 
tests was made on flash-welded, die heat- 
treated specimens of galvanized wire hav- 
ing no “die burns.”’ The results of the 
tests are illustrated in Fig. 16. Although 
the welds were at the point of impact, all 
specimens failed at the outer boundary of 
the heat-affected zone. Energy absorption 
was 35 to 46 ft.-lb., as compared with 71 
ft.-lb. for unwelded wire. A second series 
of tests was made on welded, heat-treated 
specimens of bare, ungalvanized wire 
having “die burns.”” The results are 
shown in Fig. 17. The energy absorbed 


Fig. 16—Results of Impact-Bend Tests on 

Flash-Welded Joints with No Die Burns 

(Points of Impact Centered on Weld). 
3 4 x 
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was often very low, especially when large 
“‘die burns”’ were present. In all fractures, 
failure started with a brittle break through 
the hard martensitic “die burn.” 


Summary 
This paper describes a process developed 


EXPERIMENTS REVEAL NEW METHOD 
OF CLEANING ALUMINUM BEFORE 
WELDING WITH INERT-ARC METHOD 


In searching for a satisfactory method 
of cleaning aluminum in preparation for 
welding with the inert-arc process, General 
Electric engineers recently found that 
dips in sodium hydroxide and sulfuric acid 
produce mirror-bright, fine-contoured 
welds as welded. 

The first method tried at G-E was wire 
brushing, but this only folded the oxide 
and dirt into the surface of the aluminum. 
Next, sandpaper was tried. This was suc- 
cessful if all kerosene or lard oil which had 
been used as a lubricant in machining the 
aluminum had been completely removed 


Energy Absorption, 
Ft.-Lb. 


Energy Absorption, 
Ft.-Lb. 
26 


Specimens with 
large die burns 


Fig. 17—Results of Impact-Bend Tests on Flash-Welded Joints with Small and Large 
Die Burns (Point of Impact Centered Directly Behind Die Burn). %4 X 


for welding cold-drawn, high-carbon steel 
wire having a tensile strength of 220,000 
psi. in which the resulting joints had 90% 
of the parent metal strength. Flash weld- 
ing was considered to be the most logical 
welding method, because of its ability to 
produce strong, efficient butt welds at 


before the sandpaper was applied. It was 
satisfactory for bulky work, but too slow 
and crude for cleaning small parts rapidly. 

The logical answer seemed to be a 
chemical dip followed by washing, and 
nitric acid, which has been used exten- 
sively for aluminum brightening, was 
tried. However, when a sample was 
welded after being cleaned by this method 
the weld bead was sprinkled with a biack 
substance which accumulated in small 
surface pits. The discoloration was easily 
brushed off, but the pits remained to mar 
the surface of the bead. 

When it was determined that the specks 
were not caused by too great a percentage 
of nitrogen in the argon welding gas or 
from faulty power supply, it was deduced 


high rates of production and low cost 
The resulting welds, however, were hard 


and brittle, because of rapidly cooling the ° 


high-carbon steel wire. Therefore, 2) 
automatic heat treatment of the welded 
joint was developed to transform the 
austenite in the weld zone directly jn;,, 
soft and relatively ductile pearlite. 
was accomplished in the welding dies jm 
mediately after upset, by arresting the 
cooling of the joint at about 1000° F. and 
maintaining that temperature until the de- 
sired structural transformation had been 
completed. 

The applicability of this process to pro- 
duction has been proved by hundreds of 
experimental welds that have been made 
and tested to destruction. These joints 
have consistently shown tensile strengthis 
of about 200,000 psi., which is about 90% 
that of the cold-drawn base wire, while 
bend tests have shown that the weld zone 
maintains adequate ductility when prop- 
erly postheat treated. In addition to the 
welds made in the laboratory, thousands of 
joints have been made on-a production 
schedule at rates exceeding one weld per 
minute. These have stood up well under 
actual service conditions. 
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that the cleaning method was responsible 
Since the specks were rich in nitrides, the 
nitric acid was blamed, and sulfuric acid 
was tried in its place. 

After a brief degreasing in a 5% solution 
of sodium hydroxide to remove all grease, 
oil or wax, and a brief wash in water to re- 
move most of the caustic and scum, the 
aluminum was dipped in a 50% sulphuric 
acid bath. This completed removal of 
the oxide skin and restored most of the 
surface brightness, and a hot water bath 
removed the acid and left the aluminum 
clean and dry. Welding tests made on 
samples cleaned by this method resulted 
in mirror-bright, fine-contoured beads as 
welded. 
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Welding of Hardenable Steels with 
High-Alloy (Austenitic) Electrodes 


By S. A. Herrest and A. M. Turkalo! 


Introduction 


HE first extensive investigations of the use of high- 
alloy (austenitic) electrodes for welding of con- 
structional steel appear to have been carried out at 
Krupp and are reported in the German literature of 
1935." * This work has been reviewed in a translation of 
German reports.* Thorough tests by the German in- 
vestigators indicated that satisfactory strength and 
toughness were obtained in welded joints made with 
nickel-chromium austenitic electrodes with no preheat 
or heat treatment after welding; hence, the transition 
zone did not exert a harmful effect. 
_ Itis now known‘ that the Japanese initiated welding of 
light gage armor plate with 18% chromium 8% nickel 
electrodes in 1934. Large stocks of this electrode, which 
was made in the United States, were procured for the pur- 
pose. Swinden and Reeve’ carried out tests reported in 
England in 1938 which demonstrated that the use of 
suitable types of nickel-chromium austenitic electrodes 
avoided cracking of low-alloy, high-tensile steels when 
restrained joints were made without preheat, even though 
the hardened zone near the weld was still present. They 
concluded that the welds were of high strength and duc- 
tility and that in special instances the expense of such 
austenitic electrodes would be well justified by results. 

There are few references to use of austenitic electrodes 
for welding of constructional steels in American litera- 
ture.» %* But, an article by Emerson,’ “‘On the Effect of 
Alloying in Metal-Arc Welding,”’in 1938 aroused consider- 
able interest. In a later published discussion of Emer- 
son’s paper’ Kinzel remarked that although the existence 
of a very thin zone of brittle constituent is recognized 
where varied steels are welded with austenitic electrodes, 
large numbers of such welds are known to have been in 
continued service in France and Germany and welds of 
this kind have been reported to behave particularly well 
in ballistic test. In the same discussion, Thomas told of 
the successful application of nickel-chromium austenitic 
electrodes to welding of 46% chromium-molybdenum 
steels without preheat or subsequent anneal. He pre- 
dicted a big future for the welding of low alloys with aus- 
tenitic electrodes whenever preheat and subsequent an- 
neal were impractical. 

The second World War made necessary the use of tre- 
mendous quantities of heat-treated alloy steel in sections 
of '/,4 to 4 in. A few years ago such steels would have 
been regarded as unweldable without special precaution, 


* Scheduled for Twenty-Seventh Annual Meeting, A.W.S., Atlantic City, 
N. J:, week of Nov. 17, 1946 
{ Captain, Ordnance Dept., Watertown Arsenal Lab. 
Junior Metallurgist, Watertown Arsenal Lab. 


The statements or opinions expressed in this article are to be considered 


pwn of the authors and do not necessarily express the views of the Ordnance 
ept. 


such as preheat, which would have made their fabrication 
by welding largely impractical. Austenitic nickel-chro- 
mium electrodes were adopted in several countries* ''~™ 
and permitted a large-scale conversion from riveted to 
welded fabrication of structures made with the hardenable 
steels. At the present time it may be recognized that by 
the ‘use of suitable mineral-coated austenitic electrodes, 
welds of good strength and excellent toughness may be 
obtained in hardenable steels without preheat or post- 
heat treatment. 

Recent discoveries with regard to the mechanism of 
weld metal” and heat-affected zone cracking,’ when 
such steels are welded with ferritic electrodes, may lead to 
the development of improved ferritic electrodes, which 
will conserve strategic alloys and be more economical. 
However, the present unique position of austenitic elec- 
trodes warrants considerable study of their character- 
istics and applications. In the following sections, data as 
to the tensile and impact properties of selected base 
metals and of austenitic weld deposits will be given and 
the mechanical properties of weld joints made in various 
constructional steels will be discussed. 


Base Metals 


The use of austenitic electrodes eliminates the welda- 
bility limitations which apply to welding of high-strength 
structural steels, with the usual types of ferritic elec- 
trodes. The extent of these limitations was summarized 
by Swinden and Reeve’ who stated that the metallurgical 
aspects of providing weldable base metal which would 
not develop cracks or form brittle zones adjoining welds 
must be solved in one of three ways: 


1. By selecting the combination of alloying elements 
having the least hardenability factor. 

2. By maintaining the carbon within the low maxi- 
mum—say of the order of 0.129)—and relying 
essentially on the alloying elements to strengthen 
the ferrite. 

3. By controlling the hardenability of higher carbon 
high-tensile steel by the addition of alloys exer- 
cising acontrolledinhibition on the hardenability. 

Each of these measures has been successfully applied to 

the welding of the so-called low-alloy, high-tensile struc- 
tural steels used in the as-rolled condition. The maxi- 
mum base metal strength which can thus be obtained is 
somewhere near 70,000 psi. yield strength, and as-rolled 
steels, even within this strength limit, tend to be low in 
toughness. It must now be admitted that the older 
methods of weldability evaluation are questionable be- 
cause such welding process variables as preheat tempera- 
ture, heat input and electrode coating composition have 
been demonstrated to have an important influence on 
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Table 1—Mechanical Properties of Representative Hardenable Steel 


- Che Composition ensile Resul ts® Sharpy V=Notcn) 
Base Heat Treatment] Elong. R A.||Impact, Ft. lbs 
Metal| ness] C| P| S | Si | Mol | Vij oF Quench Y. S. psij S. $2 $ |) +70°R, 

1 1023 0023 | 019 | 079 069 | 011544 Water} 141,100 | 105,400 [13.0-13.5] --—] 13 9 
986 Water} 146,300 | 166,400 

2 .014!.010 | .20 | .63 [1.22 | —— Oil 175,000 | 123,200 |16.5-17.5] 27 
1160 Air} 176,400 | 185,700 16 

3 .021].022 }.23 | .22 240 | 1600 Watery 155,000 | 178,400 /10.5-14.0/ 

800 Air 161,600 | 176,800 7 

1500 Water} 116,000 | 133,600 19.0 |--—[| 26 
1100 Air 116,000 | 130,400 2h 23 

.0131.021 | -— | — [---l600 Water} 190,0¢0 | 173,600 14.5 ---- 17 
300 Air 152,900 | 180,800 16 
1600 Water? 120,000 | 141,690 /19.0-19.5] ---- 28 27 
1190 Air 120,000 | 132,000 . 28 27 
5 ].015 [.22 | .20] | 066 [Tr 1550 Water# 11%,0900 | 137,000 /15.7-16.4] 
1940 Water] 117,900 57.41) 46 4o 
6 017 ].025 |.26 | | ---17650 Water# 109,000 | 124,000 |19.3-20.7] 62.7-[| 73 70 
1150 Water{ 112,000 } 125,090 76 73 
7 015 }.23 | .22 255 | Water§ 101,250 | 125,000 59.2-]| 65 56 
2200 Air § 103,750 | 128,500 61.3]| 63 61 


1. All bese metals cross rolled. 
2. Flat tensile specimen for 1/2 inch thick plate. 


-357 inch diameter tensile specimen for 1-1/2 inch thick plate. 
All specimens taken transverse to principal direction of rollinge 


Charpy bar taken transverse to principal direction of ‘rolling; notched perpendiculer to plate surface. 


welded joint deficiencies formerly attributed entirely to 
the base metal. 

The most effective utilization of alloying elements in 
steel is to develop hardenability so that during a prac- 
tical heat treatment of quench and draw‘the steel will be 
hardened to martensite throughout the section involved 
and then tempered back to the required strength and 
hardness level."* The tempered martensitic microstruc- 
ture thus obtained is well known to provide the optimum 
combination of strength and toughness. In addition to 
the amount or combination of alloying elements to give 
the réquired hardenability, the role of carbon in determin- 
ing the maximum as-quenched strength and of certain 
alloys in determining the rate of softening during temper- 
ing and susceptibility to certain forms of tempering em- 
brittlement must be taken into account in selecting base 
metal composition. 

Within these limits a very large number of alloy steels 
are available which give favorable and remarkably 
similar combinations of strength and toughness after 
proper heat treatment. So much attention has been 
directed recently toward the necessity for toughness in 
welded structures, particularly when high design strength 
is involved, that it should be necessary only to remark 
that properly heat-treated steels possess considerably 
more toughness at a much higher strength level than that 
which can be obtained in as-rolled steels even though the 
latter may be more highly alloyed. In addition heat- 
treated steels have a favorable strength-to-weight ratio 
as compared to the “‘light alloys’’ which are shown to ad- 
vantage when compared with the so-called low-alloy, 
high-tensile steels in the as-rolled conditions. 

A few steels with chemical analyses and mechanical 
properties shown in Table 1 have been selected as repre- 
sentative of the hardenable alloy steel grades. The car- 
bon range is approximately that which might be encoun- 
tered in steels used for constructional purposes. 


High-Alloy Weld Deposits 


Appendix A is a review of the literature on the consti- 
tution and mechanical properties of chromium-nickel and 
related high-alloy steels. From this review it may be 
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apparent that the ‘present high-alloy weld metals are 
adaptations of the steel analyses designed primarily for 
corrosion resistance. 

The normal strength of low carbon (0.10% max.) 18% 
Cr-8% Ni steels, which range from 80,000 to 90,000 psi. 
tensile strength, may be increased by increasing the car- 
bon content of the austenite, by raising the proportion of 
chromium or other ferrite favoring elements to obtain a 
mixed structure of austenite and high-chromium ferrite, 
or by lowering the total alloy content to obtain a mixed 
structure of austenite and martensite. An increase in 
carbon content tends to make fully austenitic steels sus- 
ceptible to intergranular carbide precipitation which 
decreases toughness if slowly cooled or reheated in the 
temperature range of 800 to 1600° F. 

High-chromium ferrite tends to be brittle particularly 
after slow cooling through or reheating in the range of 700 
to 1700° F. Lowering the chromium content of 18% 
Cr-8% Ni steels to about 13% appears to have a bene- 
ficial effect on both strength and toughness of low-carbon 
steels as illustrated in Appendix A. This may possibly be 
desirable for weld metals because it is advantageous to 
have a mixed structure in order to avoid weld metal 
cracking, but the lower limits of alloy content of elec- 
trodes, allowing for dilution of the weld deposit, have not 
been adequately explored. 

The development of manganese and molybdenum 
modifications of 18% Cr-8% Ni steels has been very 
satisfactory. Molybdenum improves the shock resistance 
of both austenitic and austenitic-martensitic steels and al- 
lows the use of higher carbon contents. Manganese can 
be substituted for a portion of the nickel without detri- 
ment. 

The controlled use of nitrogen is a probable future de- 
velopment which will permit appreciable savings of nickel 
in chromium-nickel austenitic steels which may then have 
good toughness at considerably higher strength levels 
than those presently available. 

The development of austenitic electrode analyses has 
been somewhat restricted by specifications of chemical 
analyses rather than performance standards. The two 
modifications of 18% Cr-8% Ni steel commonly used for 
welding electrodes give undiluted weld-metal deposits 
with the following analysis ranges: 
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Cc ‘ Mn Si Cr Ni Mo 
0.07-0.17 3.30-4.75 0.80 max. 18.0-20.5 9.0-10.7 0-1.10 


0.07-0.17 1.25-2.25 0.80 max. 18.0-20.0 9.0-10.7 1.85-2.25 


x 


x 500 
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Fracture Across Weld Joint in 114-In. Thick Plate Showing 


Incomplete Fusion Between Beads 


Fracture Across Weld Joint in 14-In. Thick Plate Showing 


Weld Metal Cracking 


- 


Courtesy Rustless Iron and Steel Corp. 


E 


Cracking Along Dendritic Grain Boundaries in Weld Metal 
Fig. 1—Welding Defects and Weld Metal Cracks in Austenitic 


Chromium-Nickel Weld Joints 


Macroetched Section Through Weld Joint in 11- 
In. Thick Plate Showing Incomplete Penetration 
with Slag Inclusion 


D 


Fracture Through %-In. Thick Austenitic 
Weld Showing Large Gas Cavity 


Tensile properties of 55,000-65,000 psi. yield strength 
at 0.1% offset, 85,000-95,000 psi. tensile strength and 
50-60% reduction in area may be expected in undiluted 
weld deposits. Higher carbon and nitrogen pickup, as 
well as lesser dendritic segregation and finer dispersion of 
ferrite in mixed structures caused by more rapid solidifi- 
cation and cooling of weld deposits, may account for a 
higher yield strength than would be observed in wrought 
or ‘cast steels. 25% Cr-12% Ni and 25% Cr-20% Ni 
weld deposits have similar tensile strength, but somewhat 
lower reduction of area values. Notch-bar impact values 
of undiluted weld-metal deposits are excellent at very low 
temperatures. Further information on weld metal tough- 
ness is given in connection with the discussion of me- 
chanical properties of welded joints. 


Welding Defects and Cracks in Welds Made with 
Austenitic Electrodes 


Welding defects such as incomplete penetration, in- 
complete fusion between weld beads or between weld de- 
posits and base metal, slag inclusions and gas holes (Fig. 
1) are related to use of electrodes with suitable operating 
characteristics, proper joint design and adequate training 
and supervision of welding operators. It is recognized 
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Courtesy Rustless Iron and Steel Corp. 


x 500 


Fig. 2—Martensitic Zone at Interface of Austenitic Nickel-Chromium 
Weld Deposit and Base Metal 


that such defects impais the service properties of a 
welded joint when they reduce the load carrying area or 
introduce geometrical stress concentration. It is also 
known that defects of limited extent located in tough 
metal (as properly alloyed austenitic weld deposits) 
are not of serious consequence. The line must be drawn 
for various applications by simulated service testing to 
determine suitable inspection standards. 

The most serious defect and one not entirely controlled 
by variations in welding procedure or technique is a crack. 
As a result of some very excellent research at the Labora- 
tory of the Rustless Iron and Steel Corp., it has been 
shown, rather conclusively, that cracks in austenitic weld 
deposits are caused by low-melting temperature inter- 
metallic compounds at the dendritic grain boundaries 
(see Fig. 

This cracking is most frequently observed during de- 
position of root bead deposits in externally restrained 
joints. In wholly austenitic weld deposits made with 
25% Cr-20% Ni electrodes, cracking is very frequently 
observed and is greatly dependent upon the presence of 
minor elements, such as sulphur, phosphorus, silicon, as 
well as upon the type of electrode coating. * Modifica- 
tion of the composition of the weld deposit so that a 
critical amount of ferrite is present minimizes cracking 
and permits much higher phosphorus and sulphur toler- 
ances. The following empirical formula has been sug- 
gested as a guide to proper ratio among the elements in 
18% Cr-8% Ni weld metals for the optimum amount of 
ferrite in deposited weld metals :" 


_ (Cr +2 X Mo—16)? Mn | 
v 12 2 


30(0.10 — C) + 11 


Since too much high chromium ferrite, which would be 
present if the above relationship was overbalanced, is 
undesirable because of its embrittling effect, it was also 
suggested that the minimum per cent nickel in the weld 
deposit should be no lower than 2% below the maximum 
given by the above formula. 


Max. % Ni* 


* Chemical Symbols refer to percentages of elements. 
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Interface Cracking in Welds Made with Austenitic 
Electrodes 


Austenitic welds in highly restrained joints, particy- 
larly in heavy gage base metal, may develop cracks aj: mg 
the weld deposit base metal interface. This phenomenon 
has been investigated by the Armament Research ])¢- 
partment, Ministry of Supply, of the British Govern- 
ment.!’ Interface cracking is due to hydrogen embritt|e- 
ment of a very narrow (average width less than 0.001 in) 
zone of martensite at the weld deposit base metal inter. 
face. Figure 2 is a photomicrograph which illustrates the 
martensitic zone as indicated by size of Vickers-Brinec|] 
impressions. Another investigation”! has established the 
fact that fully hardened (martensitic) steel is completely 
embrittled by small amounts of hydrogen and is then sul. 
ject to cracking when stressed as during the welding of a 
highly restrained joint. 

Where it is not possible to eliminate restrained joints by 
alteration in design of structure or changes in welding se- 
quence, there are two practical means of avoiding inter- 
face cracks: (1) Increase of austenite favoring elements 
in filler metal which eliminates or minimizes the marten- 
site zone (interface cracks are not observed in 25% Cr- 
20% Ni weld deposits); (2) decrease of moisture content 
of electrode coating which reduces the amount of hydro- 
gen absorbed by the weld metal and available for em- 
brittlement. Practically, interface cracks are very sel- 
dom seen even in welding of highly restrained joints in 
steel up to 1'/2 in. thick with most U.S. brands of aus- 
tenitic electrodes. For critical applications, the use of a 
severe torture test for qualification of electrodes or adop- 
tion of the practice of buttering the plate metal interface 
with 25-20 weld metal should eliminate interface crack- 
ing. The use of moderate, localized preheat is not 
usually effective in preventing interface cracking. 


Base Metal Cracking in Welded Joints Made with 
Austenitic Nickel-Chromium Electrodes 


For reasons discussed in a previous report,'* underbead 
or base metal cracks caused by hydrogen embrittlement 
of the heat-affected zone, are not observed in welds made 
with suitable types of austenitic electrodes. During the 
welding of large numbers of fully restrained butt welds in 
1'/e-in. thick cast and rolled steel plate of 0.25 to 0.40% 
carbon content, heat treated to the strength levels indi- 
cated in Table 1, no appreciable base metal cracking was 
observed. The only cracking of any consequence oc- 
curred in the weld metal when electrodes outside the 


Fote 1. Sections are 
taken transversely 
through welds for 
macro-examination and 
strength determine- 
tions. 


Fig. 3—Double T Restrained Joint Crack Susceptibility Test 
Specimen 
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Fig. 4—Transverse Bend Fracture Test 


composition balance ratio noted in the previous section 
were used. 

In addition, the double T crack susceptibility test 
illustrated in Fig. 3, which has proved very critical in 
evaluating cracking tendency of ferritic electrodes, was 
used for the combination of '/2-in thick steel plate and 
austenitic weld metals shown in Table 2. Details of weld- 
ing procedures are given in Table 3. No cracks of any 
type were encountered in these tests. 

Two types of base metal cracks have been noted in 
austenitic welds on high-carbon steel. The first which 
has been frequently observed in high-(0.45—-0.55%) car- 
bon German armor plate appears to be an intergranular 
hot tear (Fig. 5 A and B) which may be due to hot short- 
ness of the steel. The second, more common, is definitely 
a cracking along laminations or segregations of non- 
metallic inclusions in poor quality rolled plate because of 
thermal upsetting stresses during welding (Fig. 5 C and 
D). 

Thus it is evident that welding with austenitic elec- 
trodes very infrequently leads to base metal cracking but 
that poor quality steel, particularly if the carbon content 
or the strength level is high, may crack when subject to 
welding heat and stresses. 


Tensile Strength of Welded Joints Made with Austenitic 
Electrodes 


The transverse tensile test of a butt-welded joint pro- 
vides a means of determining the ultimate tensile strength 
of the joint under conditions of a single slowly applied 
load. A number of such tests for commercial and experi- 
mental austenitic welds in heat-treated cast and rolled 
plate of '/2 to 11/2 in. thickness have been made at Water- 
town Arsenal Laboratory. Weld reinforcements were not 
removed in order that the service strength of the welded 
joints might be determined. The minimum yield 
strength of the base metals in most instances approached 
the ultimate strength of the welded joint and failure was 
confined to the weld metals. These data are summarized 
as follows: 


Table 2—Results of Double T Crack Susceptibility Tests 


Welding 
Procedure f Cracking 
None 
None 
None 
None 
None 
None 
None 
None 
None 


Electrode 


Base Metal* 
2 18-8 Mn 


2 18-8 Mo 


2 25-20 


whe 


* See Table 1 for base metal composition. 
t See Table 3 for welding procedure data. 


In Table 4 are given data for tensile properties of ex- 
perimental butt and double T fillet welds made with Mn 
and Mo modifications of 18% Cr-8% Ni type electrodes 
and with 25% Cr-20% Ni type electrodes. Details of 
welding procedures are given in Table 3. Standard trans- 
verse tensile specimens with weld reinforcement ground 
flush with plate were used. 

From these tests it may be seen that very little differ- 
ence in strength of welded joints is brought about by 
changes of electrode types or base metal compositions. 
Nor do any normal variations in welding technique or 
procedure affect the strength. Two items, excepting, of 
course, welding cracks, which may also have an adverse 
effect, are incorhplete penetration or poor fusion of weld 
and base metals at the root and a weld design with a dis- 
proportionately narrow root gap. In the latter case the 
weld metal at the root is stressed beyond its strength and 
a crack started before the body and crown of the weld are 
deformed appreciably. This’will be clear if it is remem- 
bered that the high-strength base metal is not plastically 
deformed and the root represents the shortest gage length 
of the weld. 

For this reason, it is sometimes advocated that more 
highly alloyed 25% Cr-—20% Ni electrodes be used for the 
root passes in critical applications. However, the 25% 
Cr-20% Ni weld metal is extremely susceptible to weld 
metal cracking, and the use of moderately wide root gaps, 
e.g., 1/4 in. or slightly greater, seems to avoid the diffi- 
culty. Types of failure and effects of post-heat treat- 
ment will be discussed in the next section. 


Toughness of Welded Joints Made with Austenitic 
Electrodes 


Shock failures tend to proceed through zones of low 
impact energy rather than low static strength. Since 
austenitic weld metals may have good impact resistance 


Plate 


Number Weld Metal Pad Tensile Elongation 
Thickness Tests (Undiluted) Analysis Strength, Psi. ©, 2-In. Gage 
Cc Mn Cr Ni Si Mo 
1/s in. 0.08 2.13 19.5 9.0 0.50 0 
0.12 4.00 21.3 10.8 0.83 0.10 91,300—125,000 4.0-12.5 
1 in. 6 0.09 4.50 17.9 9.7 0.22 0.08 
0.15 4.85 22.0 10.5 0.66 0.15 92,000—121,600 9.0-11.5 
1 in. 2 0.10 1.75 19.4 11.4 0.58 2.20 123 ,000-—125,000 6.0-7.0 
1 in.* 2 0.23 5.60 11.4 9.9 0.80 0.45 109,400—110,800 13.0 
1'/. in. 6 0.07 1.64 19.2 9.2 0.30 1.94 
0.09 1.82 20.1 10.8 0.40 2.90 99,300—116,000 9.0-16.5 
1'/, in. 2 0.09 3.91 20.1 10.0 0.18 0.98 102,500—103 ,500 10.0-13.6 
1'/, in.* 16 0.23 5.6 11.4 9.9 0.80 0.45 83,000-104,500 11.0-19.0 


* Automatic weld. 


* 
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even though of relatively low strength, the transverse 
tensile test may neither reproduce the type of fracture 
nor correlate with performance obtained under more 
severe loading conditions. 

Simulated service testing of sample joints welded with 
specified welding procedures representative of commer- 
cial production is advocated and the bend test illustrated 
in Fig. 4 will be used as an example. Experience has 
shown that for 1'/2 in. and greater thickness this provides 
a very severe test even when loaded slowly at normal 
temperatures. For light gage plates, where much lower 
elastic stresses are involved at the time of crack initiation 


in slow bend testing, impact loading at subnormal tem. 
peratures may be necessary to simulate severe conditions 
encountered in certain service applications. 


Weld Metal Failures 


The toughness of austenitic weld metal in the as- 
deposited condition is very good as shown by the Charpy 
V-notch values given in Table 4. Bend bar fractures 
which show fibrous weld metal fracture after considerable 


Table 3—Welding Data for Experimental Butt and Double T Fillet Welds 


18" x 3" x 1/2" 


*See Figure 3 for details of joint design 


Elec. Init. 
Welding e 
Type Procedure Dimensions of Pass Dia. ning Tat erpass 
Weld No. Base tletal Sections Joint Design Deposition No. (in.) Volts Amps. emp. Temp. 
Butt 1 use sv 1-5 316" 22-2: §=6160-165 70°F. 200°F. Max. 
1/%" root sap _ 
2 16" x x 1/2" ST 1,2, 3/16" 23 205 70°F. 20°F. 
1/4" roct fap 2 5,6, 
304 5/32" 22 160 
3 12" x 6" x 1-1/2" 45° OW 1-22 3/16" 23-24 165 70°F. 175°F. Max. 
1/4" root gap 
SS 
\ 12" x 6" x 1-1/2" 45° DV 3/16" 23 165 70°F. 175°F. Maxe 
3/8" root gap 
(ground outer 
corners) 
Double 1 6* x 6" x 1/2" 2 | | 1-4 «165-200 70°F. 70°F. 
6" x 3" x 1/2" 
Frllet 
deposited im- 
mediately af- 
i ter let; cooled 
to 70°F. be- 
tween other 
pesses. 
3rd passes 
deposited with- 
between pacses; 
cooled to 70°?. 
before denosi- 
tion of 4th 
pass. 
18" x 6" x 1/2" 3/16" 24h 165-170 7O°F. 270°F. Max. 
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Fig. 5—Base Metal Cracking in Welding Joints Made with 
Austenitic Nickel-Chromium Electrodes 


Failure Through Brittle Weld Metal 
Fig. 6—Types of Bend Bar Fractures 
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Table 4—Mechanical Properties of Experimental Butt and Double T Fillet Welds 


notched at root parallel to welding direction. 


Butt Welds) Double Tee F as] 
Transverse Tensile Froperties Nias _ 
ur Weld Metal, Post Welding Elong. Weld Met. Charpy V-Noth(Ft.1bs.)]|Proce- | Lead (1bs.) Loc 
Metal] Composition“|Heat Treatment Y. S. psi. | T. S. 2 in.| Loc. of Fract. | +70°F. -4o° F. ~100°F. ||dured | 1" Wide Spec. 
1 | 25%cr-20% |As Welded 48 , 600 94,300 | 9.5 W 62.8 60.0 38.2 
Mi 52,000 98,000 9.0 60.9 
1100°F. 4 hrs.| 56,400 97,900 | 11.0 v 62.8 33.8 56.2 4 
F. C. 59,600 101,600 | 11.0 61.9 
2 | 25/20 As Welded 49, 600 102,000 | 6.0 FZ 4725 44.2 57+3 1 32,200 
58, 300 102,400 | 6.0 Pz 6.9 55.5 33, 900 
in, 3 33,000 
18.94 Mi, 1100°F. 4 hrs.} 63,600 102,800 | 6.0 VW, FZ 33-4 52.8 51.0 |) 1 34, 500 Waa] 
23.76 Cr, F. C. 66, 300 103, 200 6.0 Ww, FZ 58.2 53-7 
‘ee Mo 
jAs Welded 60,600 | 103,1 
2 18 00 75 52.8 5-8 1, 
“ Mn modified 64,000 | 108,400 | 9.5 W, 50.1 
1100°F. 4 hrs. | 57,100 97,200 | FZ 30.3 16.8 600 
C. 61,500 104, 000 8.0 FZ 28.8 14.8 
mt 2 18/8 Mn As Welded 71,400 108, 400 £.0 W 54.6 36.6 27-3 1 x Wi 
“4 modified 2200 | 108,400 | 8.5 Ww, FZ 49.6 2 abe 
015 4o, 500 
4.60 Mn, 53, 400 
6.94 Ni, 60,000 " 
19.29 Cr, 1100°F, 4 hrs. | 60,000 104,800 | 5.0 W, FZ 28.0 17-7 1 37,800 Weld 
1.02 Mo C. 63,400 | 100,400 | 3.5 PZ 30.3 15.5 
1 | Weldea | 98,000 | 80 W, Fz 3.7 
Mo modified 63,000 102, 400 W, FZ 44.5 
ts 4 hrs. | 62,900 106, 000 9.0 W, FZ 60.9 56.4 35.0 
100 111,800 /10.0 6 42.4 23.6 
2 | 18/8 Mo is 96, 300 v, 50.1 7-5 1 30.800 | Weld 
ye hi 59,300 | 102,000 | 6.0 W, FZ 63.7 ug. 47.9 2 29,700 . 
Mn, 8.50 Mi, /1100°F. hrs. | 58, 300 y6,300 | 4.0 W 56.4 46.2 33.8 1 32,700 Weld 
15.79 Cr, “eX 62, 700 99,100 | 4.5 FZ, 60.9 44.5 
2.38 Mo 
1. See Table I for base metal composition. Procedure 2 for butt welds - see Table TIL 5. See Table III for welding 
2. Analyses are for weld joint deposits. - Specimens taken transversely through center of joint, procedure. 


F%=fusion zone; Weweld metal. 


deformation (Fig. 6A) indicate a satisfactorily tough 
weld joint. 

Weld deposits which are improperly alloyed will de- 
velop two-phase structures which when the condition ‘is 
severe may lead to brittle bend test fractures along planes 
of dendritic segregation (Fig. 6B). When the weld metal 
is off balance and high in chromium the brittle constitu- 
ent will be high chromium delta ferrite which may be 
revealed by metallographic examination (Fig.7A). When 
the weld metal is poor in alloy an excessive amount of 
martensite may be present (Fig. 7B). The first condition 


Figure 7D is a photomicrograph of an 18% Cr-8% Ni 
type weld deposit with a small amount of delta ferrite and 
no intergranular carbide precipitation. For comparison 
purposes the V-notch Charpy-impact values at various 
testing temperatures for the microstructuresshown in 
Figs. 7A to 7D are: 


Charpy Impact, Ft.-Lb. 
+70° F. —40° F. —100° F. 


may be predicted by the formula given on page 672-s, but Fig. 7A (excess delta ferrite) o Po = 
there is insufficient evidence to determine the lower jy, : 

Fig. 7B ess mar 

limits of alloy composition to give tough weld metal of be = = = 26 24 


mixed austenite and martensite structures since the Fig. 7C (excess grain bound- 

amount of martensite formed is influenced by cooling rate carbide) 29 15 

and its brittleness is decreased when the carbon content -_— = a 30 VW 

is low and when certain modifying agents such as molyb- structure) 66 60 60 
denum are present. The root passes which are most 71 52 47 


heavily diluted with base metal usually show large per- 
centages of two-phase structures but if the root gap is 
moderately wide and the body of the weld properly al- 
loyed the mechanical properties of the welded joint as a 
whole are not adversely affected. 

Austenitic weld metal which has been slowly cooled 
through or reheated in the range of 800—-1600° F. may- be 
embrittled because of carbide precipitation at the austen- 
itic grain boundaries (Fig. 7C). As shown by the Charpy 
values of Table 4, this effect is quite severe after a stress- 
relieving treatment at 1100° F. in manganese modified 
18% Cr-8% Ni type weld metal, but not severe in the 
molybdenum modification of 18-8 or in 25% Cr-20% Ni 
weld deposits. It may be noted that the weld metal 
analyses given in Table 4 are for joints made in 0.48% C 
base metal. 
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Grain boundary carbide precipitation causes relatively 
greater loss in toughness than the amounts of ferrite 
found in welded joints made with the 18% Cr-8% Ni 
electrodes. Usually, the microstructures and impact 
values approach Example 7A, rather than 7C, but, even 
then, the notched-bar impact values compare favorably 
with those of the base metal (see Table 1). In general, 
Mo-modified electrodes tend to give weld deposits with 
greater amounts of free ferrite, but with less suscepti- 
bility to intergranular carbide precipitation. Weld metal 
embrittlement is easily detected by bend-bar or notched- 
bar impact testing, and may be cured by slight modifica- 
tion in chemical composition. 
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Fusion Zone Failures 


The most common and most serious type of shock fail- 
ure in joints welded with austenitic electrodes is the fusion 
zone failure. Actually, it has been found that there are 
three specific causes for fusion zone failure. These may 
be distinguished by the appearance of the fracture in the 
bend test. 

The first type of fusion zone failure is in weld metal ad- 
jacent to the bond line. A thin scale of dull fibrous weld 
metal covers the base metal side of the fracture (Fig. 8A). 
Fracture proceeds through austenitic weld metal a few 
thousandths of an inch from the true fusion line beyond 
the narrow martensitic zone. Microscopic examination 
revealed a very fine precipitation of nonmetallic inclu- 


x 1000 Aqua Regia 
Cc 


Carbide Precipitation at Grain Boundaries in. Austenite 


sions in one or more planes which appears to occur in all 
austenitic welds parallel to and at approximately the 
same distance from the fusion line as the path of failure 
(see Fig. 9, A, Band C). The three-dimensional aspect 
is shown by photomicrographs of the three faces of a cube 
taken across the fusion zone of a weld, as shown in Fig. 
10,A, B, Cand D. 

The association of nonmetallic precipitation and path 
of fracture was particularly well demonstrated by prepara- 
tion of a microscopic panorama of the path of failure of a 
bend-bar fusion zone fracture (see Fig. 11). Two sections 
of the panorama were remarkable in that the failure was 
was seen to go from one plane of inclusions to another 
(Fig 11C),. and at a discontinuity in the fusion zone 
(caused by an elongated base metal inclusion) failure was 
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Martensite in Austenite 
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Desirable Microstructure—Small Amount of Delta Ferrite 
in Austenite 


Fig. 7—Photomicrographs of High Alloy Nickel-Chromium Deposits 
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Fusion Zone Failure at Bond Line and Plate Metal Immediately Adjacent to Bond Line 


| Fusion Zone Failure in Base Metal Adjacent to Bond Line 
Fig. 8—Types of Bend Bar Fractures 


seen to drop from one plane of inclusion to a second in- 
TID) of continuing directly into weld or base metals (Fig. 
11D). 

Two photomicrographs at 2000 magnification are 
shown in Fig. 12, A and B. The second made with re- 
flected polarized light establishes by the appearance of 
the cross that the inclusions are silicates. It is presumed 
that they are derived from both the plate metal and the 
electrode coating flux and that their planar nature at the 
fusion zone (random distribution of nonmetallics is ob- 
served throughout the remainder of the weld deposit) is 
due to precipitation along a thermal gradient.* 

The second type of fusion zone failure is very close to 

* An analogous phenomenon is the formation of pinholes under the skin of 
steel castings which has been discussed by C. C. Sims and C. E. Zapffe, ““The 


Mechanism of Pinhole Formation,’’ Trans., American Foundrymen’s Assoc., 
49, 255-270 (1941). 


678-s WELDING RESEARCH SUPPLEMENT 


the bond line and the bend bar fracture has a bright, fine, 
granular appearance (Fig. 8B). A bend bar which ex- 
hibits the first type of failure in the as-welded condition 
will, if reheated into or slowly cooled through the range of 
800-1600° F., become extremely brittle and develop the 
second type of fusion zone failure (Fig. 9D). Micro- 
scopic examination reveals that this type of failure is asso- 
ciated with the precipitation of carbides at the weld-base 
metal interface and decarburization of a narrow zone of 
base metal adjacent to the fusion line (Fig. 9, E and F.) 
Presumably there is a migration of carbon from the base 
metal immediately adjacent to the weld deposit to the 
interface where it is tied up as a stable chromium car- 
bide—a phenomenon similar in many respects to inter- 
granular carbide precipitation in austenitic steels. 

The reheating effect of subsequent welding beads in 
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multiple pass welds may cause carbide precipitation in 
portions of the fusion zone and the result may be alter- 
nate layers of the first and second types of fusion zone 
failure. If the weld is preheated and the interpass tem- 
perature is high the amount of carbide precipitation will 
increase and the toughness be decreased. Reheating as 
stress relieving of a welded joint may induce a brittle 
fusion zone failure even in the transverse tensile test. 
Hence, the recommendation is made that, if toughness 
is required, the interpass temperatures be controlled and 
that the welds be used in the as-deposited condition. 
Actually very little is ever gained by preheating or heat 
treating welded joints made with suitable austenitic 
electrodes. 


Fusion Zone Failure in Bend Bar from As-welded 
Joint in 0.25% C Medium Alloy Steel 
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Linear Precipitation of Nonmetallics in Austenitic 


Weld Metal Near Fusion Line of Weld Joint 
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Bar Fracture Path Through Area of Non- 
metallics in As-welded Joint 


weld metal 


Picral 


plate metal 7) 


Picral 


Fig. 9 


WELDING HARDENABLE STEELS 


The third type of fusion zone failure occurs through the 
plate metal immediately adjacent to the fusion zone. 
The appearance of the bend test fracture is crystalline 
but the pattern of the welding passes is still present (Fig. 
8C). This type of failure is through a zone of coarse- 
grained base metal with high-transformation tempera- 
ture carbides (Fig. 12, C and D), but is transcrystalline 
in nature and is due to poor carbide distribution rather 
than large grain size. It is probable that the lack of hard- 
enability of the base metal in this zone, as compared 
with the rest of the heat-affected zone, is due in part toa 
loss of carbon by diffusion to the low-carbon austenitic 
weld metal. 

There is a tendency for failure to shift from the first 


Fusion Zone Failure in Bend Bar from Same Weld 
Joint as ‘‘A’’ After 1100° F. Draw for | Hr. 
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Path of Failure Through Precipitated Carbides 
Along Fusion Line in Reheated Bend Bar 
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Location of Cube Taken Across Fusion Zone from Bend Bar 
Failing Predominantly in Weld Metal Adjacent to Bond 
Line; Sides 1, 2 and 3 Polished for Microexamination 
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Fig. 10—Precipitation of Nonmetallic Inclusions in Austenitic Weld Metal Near Fusion Line 


type to this third type when the severity of loading is in- 
creased as by decreasing the temperature of bend testing 
from normal temperature to —40° F., which is in accord- 
ance with the knowledge that base metal with high trans- 
formation temperature carbides (pearlitic or bainitic mi- 
crostructures) shows a sharp transition from tough to 
brittle failure as the temperature of testing is lowered. 
Thus, this third type of fusion zone failure may be re- 
garded as a less extreme case of the general heat-affected 
zone type of failure which will be discussed next. It may 
be minimized by taking measures to limit the welding 
heat input (as by use of stringer bead rather than weaving 
techniques) and by maintaining low-interpass tempera- 
tures in order to produce a fusion zone with a sharp transi- 
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tion from martensitic heat-affected zone to austenitic 
weld metal which provides the best combination for 
toughness in welds made with austenitic electrodes. 


Effect of Weld Joint Geometry on Fusion Zone Failures 


Regardless of their cause, fusion zone failures can be 
largely avoided and the toughness of welded joints greatly 
increased by a simple modification in weld joint geometry. 
In the usual type of weld (Fig. 13A) there is a stress con- 
centration at the junction of the weld reinforcement 
(crown) with the base metal surface which initiates fusion 
zone failure in bending. This may be avoided by the use 


OCTOBER 


x 

by 

in. 

| 

ag 


of a wide crown which extends with sufficient depth be- 
yond the fusion zone of previous passes to successfully 
break up the straight fusion line (Fig. 13, B and C). 

The photographs of Fig. 13 are from a program which 
demonstrated that welded joints made in 1'/, in. thick 
0.40% C steel were no more subject to shock failures than 
were welds made in 0.25% C steel. With either steel, ex- 
tensive fusion zone failures were obtained in welds with 
straight fusion lines while welds with a wide crown had 
practically no cracking when similarly tested. Tests have 
also been made to show the improvement brought about 
by the use of wide crowns for single V welds made in 1/- 
in. thick plate. The shock performance was judged by 


repeated impacts with a 50-Ilb. weight dropped from a 
height of 10 ft. Straight fusion zone failures were avoided 
and the number of impacts to failure was doubled in 
welds made with a wide crown. 
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Fig. 11—Fusion Zone Failure in Weld Metal Adjacent to Bond Line 


Details of welding for ordinary and wide crown welds 
used for both 1'/2- and '/:-in. thick plate are given in 
Table 3. For welding steel of greater than 1 in. thickness, 
it is helpful to grind off the outer plate corners after bevel- 
ing the plates and before welding, but for light gage plate 
this is not necessary. 

It has also been demonstrated that too narrow a root 
gap may start fusion zone failure at the root of the weld for 
reasons discussed in a previous section. The effect of in- 
creasing the included angle was investigated for double 
V bevels in 1'/2-in. thick plate and single V bevels in '/s- 
in. thick plate, and it was found that very little was to be 
gained by use of included angles greater than 45°. No 
deleterious effects of welding on bevels prepared by flame 
cutting without preheat or post-heat treatment have 
been observed. It is recognized that flame cutting may 
cause cracking along laminations or nonmetallic segrega- 
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A 
Photographed with Ordinary Reflected Light 


weld metal 


plate metal 


2 
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x 500 Picral X 500 


Cc 
Fracture Edge from One Side of Fracture 


Photographed with Reflected Polarized Light 


Precipitated Nonmetallic Inclusions in Weld Metal at Fusion Zone (Unetched x 2000) 


Fracture Edge from Other Side of Same Specimen 


Path of Failure Through Narrow Zone of High Temperature Transformation Products Bordering Bond Line 
Fig. 12 


tions in poor quality plate and at sharp internal corners 
in very heavy gage plate unless preheat is used. 


Heat-Affected Zone Failures 


Brittle failures through the weld heat-affected base 
metal will occur if this zone cools slowly following weld- 
ing and high-transformation temperature carbides 
(pearlitic cr bainitic microstructures) are present. This 
condition is illustrated in Fig. 14. Results of V-notch 
Charpy impact tests of specimens, from welds similar to 
those of Fig. 14, taken transverse to weld at midwall of 
plate and notched in the heat-affected zone at prescribed 
distances from the fusion line were as follows: 


Heat-affected zone failures may be prevented by in-- 


creasing the hardenability alloy content of the base metal 
(which is usually not economical), or by decreasing the 
weld heat input so that the weld heat-affected zone cools 
rapidly enough to form a martensitic heat-affected zone. 
In manual welding, this means that high interpass tem- 
peratures and very large electrodes on light gage plate 
should not be used. 

Although fully martensitic heat-affected zones are 
often regarded as brittle, in the absence of welding cracks 
or nonmetallic segregations which produce stress concen- 
trations, failure does not initiate in this high strength 
structure. Further, the slight tempering of subsequent 
beads in multiple-pass welds greatly improves the impact 
resistance of martensitic structures, and unlike pearlitic 


Notch location, in. from fusion line....... 0 % 
High-weld energy input, Charpy ft.-Ib.... 15 14 12 36 and bainitic structures shows no abrupt decrease in 
Low-weld energy input, Charpy ft.-lb..... 46 28 37 38 toughness as the severity of impact is increased. 
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Base Metal Failures 


Shock failures in welded structures may initiate at 
weld reinforcements and proceed through base metal 
which has insufficient hardenability, has been improperly 
heat treated, is unsound or has laminations and segrega- 
tions of non-metallics (Figs. 15, A and B). These failures 
are not faults of the welding but since they occur in the 
proximity of the weld will be blamed on welding unless 
their true cause is established. 
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‘ Bend Bar Fracture of Weld Joint in 0.40% C Medium Alloy Steel; 


General Comments 


Welding with austenitic electrodes provides an ex- 
pedient process for fabrication of high-strength construc- 
tional steels. Special precautions, such as preheating 
or post-heat treatment, are not necessary and are usually 
undesirable. The various defects which may occur 
during welding and the types of failure which have been 
observed when the welded joints are tested to destruc- 
tion are discussed in order that difficulties may be 
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Fig. 13—Effect of Weld Joint Geometry on Bend Bar Fracture 
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Low Weld Energy Input; Fibrous Heat-Affected Zone; 
Maximum Heat-Affected Zone Hardness = 536 Vickers- 


Brinell 


High Weld Ene Input, Crystalline Heat-Affected 
Zone; Maximum Heat-Affected Zone Hardness = 373 
Vickers-Brinell 


Nick-Break Fractures Across Welded Joints 


High Weld Energy Input; Transverse Bend Fractures 
Fig. 14—0.25% Carbon Alloy Steel Welded with Austenitic Electrodes 


avoided under unusual welding conditions and per- 
formance improved for severe applications and not be- 
cause any general service deficiencies have been observed 
in austenitic welds made with presently used procedures. 

The yield and tensile strength of austenitic weld metal 
may appear to be low for high-strength welded joints. 
However, the low yield strength is advantageous in 
permitting the slight plastic deformation required to 
distribute load among the imn«rfectly matched members 
of all welded structures and it is seldom necessary to 
have the full design strength of the base metal if the 
weld joints are of suitable design and location. 

Because of the tendency of welds made with austenitic 
electrodes to develop fusion zone embrittlement if sub- 
jected to post-welding heat treatment and because of the 
poor machinability of austenitic weld deposits, it ap- 
pears desirable to use ferritic electrodes for weldments 


which require extensive iachining particularly if stress- 
relieving treatment is desired to give machining sta- 
bility. 

The best American welding practice usually calls for 
full penetration welds in butt and corner joints. In 
contrast, extensive use of fillet welded joints was made in 
several other countries and German and Japanese armor 
welded joints were characterized by grooves machined 
in the heavy section of each weld joint to give fitted or 
mortised joints as illustrated in Fig. 16. Because of 
poor welding technique and apparently indiscriminate 
use of ferritic and austenitic electrodes, the German 
welds were of very poor quality and structural stability 
was obtained only by mortising. Generally an excessive 
amount of machini:g is required for mortised joints but 
for certain applicstions involving welding of very heavy 
sections the proceaure may be advantageous. 
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Failure Starting at the Weld Reinforcement and Proceeding Through Base Metal Possessing Poor 
Toughness Characteristics 


Failure Associated with Laminations or Segregations of Inclusions in Base Metal 
Fig. 15—Base Metal Failures in Bend Bar Test 


Summary weld joints made with commercial austenitic electrodes 
in high-strength base metals are given. Welding de- 
1. The use of high-alloy chromium-nickel austenitic fects and types of shock failure are classified and the 
electrodes has permitted a large-scale conversion from causes of failures examined. 
riveted to welded fabrication of structures made with 3. It appears that the most serious deficiency of 
high-strength heat-treated base metal. Welds of good welds made with austenitic electrodes is a tendency for 
strength and excellent toughness are obtained without failures along the fusion line. A simple modification of 
preheat or post-heat treatment. weld joint geometry which decreases tendency for fusion 
* 2. The literature on constitution and mechanical zone failures and improves shock resistance is illustrated. 
properties of chromium-nickel and related high-alloy Because of the extreme embrittlement at the fusion zone 
steels is reviewed (Appendix A). Data as to tensile caused by slow cooling or reheating austenitic welds 
properties and freedom from cracking of butt and fillet above about 800° F., it is recommended that welding be 
done with low interpass temperatures and no post-heat 
treatment be used if shock resistance is required. 
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APPENDIX 


REVIEW OF LITERATURE ON THE CONSTITUTION 
AND MECHANICAL PROPERTIES OF CHROMIUM- 
NICKEL AND RELATED HIGH-ALLOY STEELS 


Constitution of Chromium-Nickel Steels 


Figures A and B taken from the work of Bain and 
Aborn! indicate, respectively, the constitution of iron- 
nickel-chromium alloys at temperatures of maximum 
austenite formation and the maximum amount of aus- 
tenite retained after rapid cooling to normal tempera- 
tures. It is apparent that the minimum contents of 
chromium and nickel to give an austenitic structure at 
normal temperatures are approximately 18% Cr and 8% 
Ni. With either greater or lesser chromium contents an 
increase in nickel content is required to obtain a fully 
austenitic structure. 

Figure C shows that when the iron-nickel-chromium 
alloys are cooled slowly a new phase is present in the 
higher chromium alloys. This phase, designated as 
sigma, occurs in the iron-chromiym or iron-chromium- 


Per Cent Nickel 


Fig. A—Maximum Composition menge for Austenite (at 
Elevated Temperatures Varying with Composition) for 
Iron-Chromium-Nickel Alloys. (Bain at Aborn) 


nickel alloys, which are not fully austenitic, when Fe- 
Cr compound precipitates from a portion of the high 
temperature (delta) chromium ferrite.? The tendency of 
high-chromium steels to be embrittled when slowly 
cooled through or reheated into the range of about 1100 
to 1650° F. is believed to be caused by the formation of 
the hard-brittle Fe-Cr compound, particularly since this 
constituent tends to occur preferentially at grain bound- 
aries. The formation of sigma phase is facilitated by 
the presence of nickel or silicon and several other ele- 
ments’ and by residual stress‘ and is impeded by molyb- 
denum additions; therefore, it is impossible to accurately 
describe its limits. 

Becket* has discussed, and distinguished from sigma 
phase embrittlement, another type of brittleness gen- 
erally referred to as 475° C. brittleness in the ferritic 
high-chromium steels. 475° C. brittleness was ob- 
served in steels of 20% Cr, while sigma phase made its 
first appearance at 35% Cr. Sigma phase first appeared 
as a grain boundary network, but the fracture of speci- 
mens exhibiting 475° brittleness ran through the grains. 
Recovery from 475° C. (875° F.) brittleness occurred on 
reheating to a much lower.temperature than that re- 
quired for recovery from sigma phase embrittlement. 


Cr 
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. B—Constitution of the Iron-Chromium-Nickel Alloys 
er Rapid Cooling from Temperature of Maximum 
Austenite Formation. (Bain and Aborn) 
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Fig. C—Probable Constitution of Iron-Chromium-Nickel Alloys 
(Bain and 


at 570° F. Aborn) 


Becket concluded that 475° brittleness is not associated 
with the sigma phase but that it is the result of the pre- 
cipitation of a compound of unknown composition. 

On the other hand, Bain and Aborn,' report that sigma 
compound is formed in an iron alloy of some 30% 
chromium after long periods at about 900° F. (482° C.) 
and is located in a thin intergranular network which 
causes extreme brittleness. They note that some 
brittleness or loss of ductility appears in such composi- 
tions before evidence of any precipitation of compound. 

The results of extensive investigations in Germany 
give further information on these two phenomena. 
Bandel and Tofaute® found hardness to increase and 
toughness to decrease as a function of chromium content 
and time of heating at 500° C. for steels with over 17% 
Cr. Nickel was found to increase the brittleness at a 
given hardness level after heating at 500° C., probably 
because the chromium content of the ferrite is higher in 
steels having a mixed structure. As the nickel content 
is increased further, the proportion of retained austenite 
increases and the increase of hardness and decrease of 
toughness after annealing at 500° C. becomes less 
marked. Bandel and Tofaute believe that 475° em- 
brittlement is an extension of the range of precipitation 
of sigma phase toward lower temperatures and lower 
chromium contents. That is, in a manner similar to 
the age hardening of aluminum alloys, at 475° C. a first 
stage of FeCr precipitation occurs which results in a 
simple distortion of the lattice. The distortion dis- 
appears if the temperature is raised to about 550° C. 
(1020° F.) and after heating to slightly higher tempera- 
tures precipitation can be observed under the microscope 
(but the microstructural evidence was only obtained for 
a 30% Cr steel). 

Riedrich and Loib® support Becket’s contention with 
considerable evidence. By use of bend tests on un- 
notched bars, they found that 475° C. embrittlement 
occurs in steels of 15% min. Cr content after long times 
of heating, and the degree of embrittlement is greater as 
the chromium content increases. Embrittlement is not 


caused by a carbide since it is not appreciably affected 
by increase in carbon or by use of such carbide formers 
as titanium and columbium. A silicon addition of 3% 
does not lower the chromium content at which embrittle- 
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Figure D—Ranges of Stability Persistence, and Decompo- 
sition of Austenite. (Carpenter and Robertson) 


ment sets in, but does intensify the embrittlement of 
higher chromium steels. Microstructural studies defi- 
nitely proved that 475° embrittlement is associated with 
precipitation along the grain boundaries, and while 
fracture is not-necessarily intergranular, it is associated 
with incipient cracks at the grain boundaries. Recovery 
of 475° embrittlement occurred at temperatures of 
600° C., the more rapidly the higher the temperature, 
and was complete after two hours at 650° C. (1200° F.). 

Hardness, and all physical properties were shown in 
this same investigation to be influenced by 475° C. em- 
brittlement in the same way as inthe precipitating proc- 
esses of aluminum alloys. But, since the sigma com- 
pound FeCr is nonmagnetic and a decrease of the mag- 
netic saturation of steels subjected to 475° brittleness 
did not occur, it is probable that another iron-chromium 
compound, richer in iron, is responsible. Preferential 
precipitation at the grain boundaries would be ex- 
pected in any event and accounts for the brittleness. 

The hardenable chromium steels containing up to 
16% Cr are subject to the same type of embrittlement as 
that observed in many hardenable structural steels 
tempered between 600 and 1100° F. or slowly cooled 
through this range after tempering at a higher tempera- 
ture. The mechanism of this ‘temper brittleness’ has 
never been established although a great amount of effort 
has been devoted to the purpose. It is generally believed 
that temper brittleness may be caused by grain boundary 
precipitation of a carbide or nitride which is soluble in 
ferrite at temperatures above 1100° F., but in many 
respects temper ‘brittleness resembles the 475° type of 
embrittlement and since there is no evidence to prove 
that carbides or nitrides are involved it may be the result 
of an intermetallic precipitation. 

Alloys which are largely ferritic under conditions of 
equilibrium (Fig. C) but austenitic when rapidly cooled 
are in an unstable condition after the latter treatment. 
The situation shown schematically in Fig. D then ap- 
plies and as the content of the austenitic stabilizing ele- 
ments (carbon and nickel in the iron-chromium-nickel- 
carbon system) is decreased transformation in either of 
two temperature ranges of decomposition may take 
place.’ 

Transformation in the upper range of decomposition 
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may be avoided by cooling through this range at a suit- 
able range which must increase as the content of aus- 
tenite stabilizing elements decreases. If the steel is 
cooled slowly through this temperature range or re- 
heated into it, transformation will take place, but the 
amount and nature of the decomposition products will 
vary with the composition, temperature and times in- 
volved. When the total alloy content is low, carbide 
and ferrite are formed simultaneously. As the content 
of alloy elements is increased, the solubility of carbon in 
austenite is decreased and no ferrite-carbide aggregates 
are formed, but the carbide is precipitated before the 
phase change from austenite to ferrite takes place in 
sequence.” 

Figure E is a schematic chart of carbon solution and 
precipitation in 18% Cr-8%.Ni alloys.' In general, 
the austenitic stainless steels (18-25% Cr to 8-20% Ni) 
contain less than 0.12% C and this is retained in solu- 
tion with moderate rates of cooling. If the steel is 
slowly cooled or reheated, rapid carbide precipitation 
occurs at temperatures of 800-1400° F. (maximum rate 
at 1200° F.). At lower temperatures precipitation is 
very slow and at higher temperatures carbides are dis- 
solved. The precipitate is a complex chromium carbide 
containing 75-90% chromium and precipitation is pref- 
erentially at the grain boundaries. At the temperature 
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Fig. E—Carbon Solution and Precipitation in 18% Cr-8% Ni 
Alloys. (Bain and Aborn) 


of precipitation, carbon has a high rate of diffusion and is 
taken from the whole of the < ustenite while chromium 
has a low rate of diffusion and is taken from the im- 
mediate vicinity of the grain boundaries. 

The depletion of chromium at the grain boundaries is 
the reason usually advanced for the well-known (inter- 
granular) corrosion of austenitic stainless steels which 
have been subjected to this precipitation, but Becket has 
advanced another argument which may be more ac- 
ceptable.* The obvious cure for carbide precipitation is 
reduction in carbon content, but since this is not always 


_ practical, alloys containing small additions of titanium 


or columbium have been developed. When titanium is 
present in the amount of six times the carbon, or co- 
lumbium is present in the amount of ten times the car- 
bon, the carbon is effectively tied up as a highly stable 
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carbide of one of these elements and intergranular pre- 
cipitation does not occur. Titanium oxidizes readily 
and it is therefore difficult to obtain weld deposits sta- 
bilized by this element, but the 18-8 welding electrodes 
with columbium added are often used. 

Curiously when areas of ferrite are present, carbide 
tends to be precipitated throughout the ferrite, rather 
than at the austenitic grain boundaries. This may be a 
result of diffusion of carbon from austenite toferrite while 
precipitation of carbides in ferrite is occurring.’ There 
is a marked deterioration in toughness associated with 
intergranular carbide precipitation in chromium-nickel 
austenitic steels which has also been observed in carbon- 
manganese (Hadfield) austenitic steels. The appearance 
of magnetism in either of these steel types after inter- 
granular carbide precipitation indicates that depletion 
of carbon and alloying elements promotes a phase change 
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from austenite to ferrite near the grain boundaries, 
and the deterioration in properties following precipitation 
may be largely caused by the transformation which follows 
carbide precipitation. 

Transformation in the lower range of decomposition 
(Fig. D) occurs when the untransformed steel is cooled 
to the upper limit of this area.* Mechanical working 
of untransformed steels at temperatures within the range 
of persistence also induces transformation. In either 
case the product of the austenite decomposition (at 
temperatures too low for carbon diffusion) is martensite. 

The alloys of iron, chromium and nickel which are 
austenitic after rapid cooling (Fig. B) and ferritic under 
equilibrium conditions (Fig. C) have a range of persist- 
ence which extends below normal atmospheric tempera- 
tures, but transformation may be induced by cooling to 
subatmospheric temperatures or by cold working. The 
higher the proportion of austenite to ferrite stabilizing 
alloys the greater the persistence of austenite as may 
be shown by comparing the retative work hardening 
characteristics of various austenitic steels (see Fig. F).? 


*The effect of cooling rate on transformation to martensite in the lower 
range of decomposition is opposite to its effect on transformation to ferrite- 
carbide aggregate in the upper range of decomposition. The beginning of 
transformation to martensite appears to be independent of cooling rate but 
increased rates of cooling induce a slight increase in amount of isonclermation. 
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Fig. I—Effects of Heating on the Structure and Hardness of a 
12% Cr-0.12% C Steel. (Watkins) 
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Table 1A—Mechanical Properties of High-Chromium Iron! 


Heat Treatment 

174°F., A. Co Rlong. R A. Izod 

and from Pe pete % pete $2in, _$ ft, Ids. 
47,000 69,000 30.0 44.6 156 333 
930° F. 48,000 70,000 32.0 61.5 166 333 
10° F. 4g,000 65,000 37.0 65.6 156 
1290° F, 40,500 62,000 40.5 66.8 156 333 
1470° 45,000 65,000 37.0 64.8 


Composition: 0.10% ©, 0.22% 81, 0.23% Mn, 17.9% Or, 0.28% mi 


Heat treated in 1=1/8" dia, 


An interesting point is that a wide variety of iron- 
chromium-nickel alloys, essentially carbon free, may be- 
come martensitic (after cooling below the range of aus- 
tenite persistence). The hardness although not com- 
parable with martensitic carbon steels, is appreciably 
higher than ferritic areas of similar composition. Bain 
and Aborn! remark that this confirms the opinion that 
the acicular (martensitic) transformation results from 
low temperature of transformation rather than com- 
position. When a steel with persistent austenite is re- 
heated into the upper range of decomposition témpera- 
tures and depletion of carbon and chromium is brought 
about by precipitation of complex carbides, the upper 
limit of the lower range of decomposition may be raised 
so that the portion of the austenite with lowered alloy 
content may transform to martensite upon cooling. 


Properties of Chromium-Nickel Steels 


It is well known that the most useful combination of 
strength and toughness in all hardenable steels, both low 
and high alloy, is produced by first fully hardening to 
obtain a uniform martensite, and then tempering to the 


required strength or hardness range. This is possible 
in the low-alloy steel only when the alloy content js 
sufficient to avoid transformation of austenite in the 
upper decomposition temperature range with the rate 
of cooling obtainable in practical heat treatments. The 
toughness of structures consisting of lamellar carbides 
and free ferrite or cementite is by comparison with the 
toughness of tempered martensite very poor, and steels 
which have been transformed in the upper range of de- 
composition are characterized by brittle behavior in the 
notched-bar impact test when the strength level is 
moderately high or when the testing temperature is 
lowered. 

‘The toughness of tempered martensite structures 
increases as the hardness is decreased, except when 
steels subject to temper brittleness are tempered in or 
cooled slowly through the embrittling range. The high- 
alloy martensitic structures, which are formed in the 
lower range of decomposition, may be much more resist- 
ant to softening on tempering than the low-alloy mar- 
tensites because of the formation of secondary carbides 
with alloying elements, such as chromium or molyb- 
denum. 

Most of the data on mechanical properties of high-alloy 
steels apply to the rolled or forged condition. From these 
data it is possible to draw generalizations as to the specific 
effects of composition and heat treatment variations 
which also apply to cast steels and weld deposits. 

Figure G shows the mechanical: properties of a hard- 
enable chromium steel of low carbon content after oil 
hardening and tempering.* Raising the carbon content 
produces an increase in tensile strength accompanied by a 
drop in toughness and ductility as shown in Fig. H. The 
influence of hardening temperature on structure? and on 
mechanical properties’ after stress relieving (low tempera- 
ture tempering) and after tempering above 1100° F. are 
shown in Figs. I, J, andK. The maximum toughness of 
the hardenable chromium steels is obtained after quench- 
ing from the high side of the hardening range when the 
tempering temperature is below 750° F., but the quench- 
ing temperature must be on the low side of the hardening 


Table 2A—Effect of Nickel on Mechanical Properties of High-Chromium Steels* 


Chemical Composition Heat Treatment 


SCr °F. Quench Y. P. psi. 


0.23 0.36 0.18 19.9 0.27 1830 012 59,000 
1290 Water 


0.23 0.35 0.21 19.2 2.16 1830 O42 103,000 
1290 Water 


0.21 0634 0.18 19.8 1650 197, 500 
1110 Water 


0.21 0.74 0.18 19.8 4.40 2010 Water 58 , 000 
0.21 0.34 0.18 19.8 4.40 2190 Yater 56,000 
0.23 Oc3l 0.34 20.5 6.64 1920 Vater 57,000 
0.23 0.71 0.34 20.5 6.64 2100 Vater 40, 500 
0.24 06.26 0.29 20.2 8.40 1920 Water 60, 500 


0.24 0.26 0629 20.2 6.40 2100 Water 43,000 


Bars heet treated in 1 inch diameter size. 


Elong. R As Izod 
T S. psi. BHN Ft. lbs. 
$3,000 28.0 61.0 179 5 3 4 
123,000 23.0 53.4 255 47 
14g ,000 17.0 40.6 302 ue 
154,500 30.0 28.0 217 86 74H 89 


143,500 27.5 21.5 196 66 59 56 


150,000 48.0 39.7 196 107 120 120 
116,000 67.0 60.4 170 110 110 110 
119,000 - 59.0 51.4 185 115 110 120 
106, 000 67.0 62.6 166 97 107 108 
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T:.vle 3A—Effect of Carbon on Mechanical Properties of 


High-Chromium Steel*® 
18.0 2.18 80,500 101,500 27055 62.2 26 87 83 88 
0.16 17-2 2630 87,000 110,000 24.0 61.5 68 76 6 
0.21 17.6 2046 88,500 123,000 21.0 53.4 269 50 60 56 
0027 17-9 2020 102,000 134,000 20.0 55.8 277 he 7 
0.35 17-4 2.01 128,000 151,000 17.0 7.2 yo2 2 20 18 


Heat treatment: 1740°F., air cool; 1200°F%., water quench. 


Be-- heat treated in 1-1/8 inch diameter. 


range to obtain toughness after tempering at 1100° or 
higher. Apparently, persistent austenite and delta fer- 
rite retained after quenching from high temperatures do 
not impair toughness unless decomposed by high temper- 
ing temperatures. Tempering in the range of 750- 
1100° F. is avoided and the recommendation that tem- 
pering above this range be followed by rapid cooling is 
made in order to prevent temper embrittlement in these 
steels. 

If the chromium content of low-carbon steels is in- 
creased beyond about 16%, delta ferrite is stable at ele- 
vated temperatures, austenite is never found and there is 
no hardening range. It is not possible to vary the strength 
of these steels by heat treatment; they are characterized 
by low ductility and poor toughness as shown in 
Table 

In an iron-nickel alloy, about 28% Ni is required to ob- 
tain persistent austenite at atmospheric temperatures. 
In spite of the fact that under equilibrium conditions 
chromium opposes the effect of nickel, the addition of 
about 18% Cr makes it possible to obtain a structure 
wholly of persistent austenite with only 8% Ni (Fig. B). 
With larger amounts of chromium, a further increase in 
nickel is required to obtain austenite. This reversal in 
effect is observed in Fig. A. When austenite is present, 


the influence of chromium is to retard rates of transforma- 
tion in the upper range of decomposition, but as chro- 
mium is increased beyond 18% in the iron-nickel- 
chromium alloys (12% in pure iron-chromium alloys) no 
austenite is ever formed unless the content of nickel, 
carbon or nitrogen is increased. 

Carbon when added to straight chromium stainless 
steels has been estimated to be about 40 times more effec- 
tive than nickel in promoting the formation of austenite 
at elevated temperatures, and the combined effect of 
nickel and carbon is greater than would be expected from 
their individual effects.2 Carbon, however, is only effec- 
tive if the carbides are in solution in the austenite before 
quenching. If the alloy content is sufficient to prevent 
the formation of carbides in the upper range of decompo- 
sition, with a given cooling rate, then the carbon will 
lower the upper limit of the lower range of decomposition 
and increase the persistence of retained austenite. 

The effect of varying nickel and carbon content on 
mechanical properties is shown in data cited by Mony- 
penny® (see Tables 2A and 3A). Chromium-nickel-car- 
bon steels when compared on the basis of mechanical 
properties fall into three groups: (1) Hardenable chro- 
mium steels with hardening capacity increased by 
additions of small amount of nickelorcarbon. (2) Steels 
which are of intermediate composition and mixed struc- 
ture. If these are made austenitic, as by rapid quenching 
from the proper temperature, the austenite is not persist- 
ent and as previously described may be transformed by 
reheating into the upper decomposition range, by work 
hardening in the persistent range or by cooling to the 
lower decomposition range. (3) Steels containing sufficient 
nickel and carbon to develop a structure consisting largely 
of persistent austenite, e.g., the commercial steels of 18% 
Cr-8% Ni or 25% Cr-20% Ni types. 

The properties of the third group are quite remarkable 
in that these austenitic steels retain their notched-bar im- 
pact resistance to extremely low testing temperatures, 
which fact, of course, indicates a very exceptional degree 
of toughness as compared with ferritic steels. Typical 

data on mechanical properties of commercial austenitic 
chromium-nickel steels are cited in Table 4A,° and results 
of low-temperature tests of experimental austenitic 


Chemical Composition* 


Other 
Elements 


Max. Cr NM 


Table 4A—Mechanical Properties of Commercial Austenitic Chromium-Nickel Steels® 


Heat Treat- 
nent W.Q. °F 


Eloneg. 
T.S.psi. YeS.psi. % 2 in. % 


Rs 


BaN 


2.00 I7,0/19.0 


2.00 


18.0/20.0 %.0/10.0 


2.00 


19,0/21.0 10,0/12.0 


309 


2.00 22,0/24.0 12.0/15.0 


310 2.00 


24.0/26.0 19.0/22.0 


316 2.00 16.0/18.0 10.0/1':.0 


321 2.00 17.0/19.0 8.0/11.0 


2.00 


+10 17.0/19.0 


9,0/12.0 


P Maximum 

S Meximum 

50% Si Maximam for 25-20 grade 
00% Si — Meximum for other grades. 


Mo 1.75/2.50 1850-2050 


Ti 4 x C min. 1700-1950 


Cb & x C min. 1700-2090 


1750-2050 140-160. 85,000 30,000 60 78 §=100-115 


1750-2050 140-160 85,900 30,000 60 70 100-115 


245-165 


17502050 


£7,009 %2,000 5! 65 1001) 


165-185 


1850-2050 


95,000 5,000 6710021! 


1900-1950 165-185 


95,000 


140-160 


000 


145-160 85,000 95-110 


145-165 £7,000 32,000 50 7 95-110 


WELDING HARDENABLE STEELS 


Grade Type Max. ids. 
18-8 302 .08/.20 
S12 .20 
1é-12= 
16-10 
15-10 
* 0. 
0. 
le 
l. 
1946 691-s 
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Table SA—Mechanical Properties at Low Testing Temperature of Austenitic Chromium-Nickel Steels With and Witho.; 


Modifying Additions'® 


Part 1 


Heat Treat~ Kardness & Charvy 


aye Notch Ss. psi. 


Chemical Composition 
Others ment 5/8" ra, m %e 


-105" Boom 


Tem. 7. 
07 .44 .018 .50 8.63 18.22 
207 -63 18.22 ------ 1900 well "3B" 83 85 90.5 94% 99,000 179,000 35,000 50,500 56 6 
166 «173 148 135 
Rock= 
005 «39 2010 .015 262 9.15 19.04 .29 1900 well "B" 80 61.5 89 94 86,000 143,000 36,000 36,000 45 ko 79 74 
Ft. lbs. 178- 178- 172= 161- 
186 184 189 160 
Rock— 
07 .42 027 .028 .32 10.29 15.97 .92 2000 Well "3" 10.5 14 17 22 92,000 146,000 50,000 52,000 42 4o 75.5 69 
Ft. bse 123- 11l- 117- 115 
127. 131 127 «133 
Rock 
£7 2026 6.93 16.56 3.36 lio ---- well "C" 10 12 16 2% 102,000 153,000 52,000 73,000 42 51 72 08 
Ft. Ibs. 67- 65- 67- 60- 
3 13 99 93 


chromium-nickel steels with and without modifying 
additions are given in Table 5A." 

Increase in carbon content increases the strength and 
hardness of austenitic steels as illustrated by tests made 
by Scharschu, Table 6A," but to a much less extent 
than it does for martensitic steels. Increasing the 
chromium content also increases the strength. While 
there is no marked effect of increasing the nickel in a steel 
with persistent austenitic structure (compare 25% Cr- 
12% Niand 25% Cr-20% Ni, Table 5A), nickel has a 
large effect in softening, increasing ductility and decreas- 
ing rate of work hardening of steels with mixed structure 
as has been demonstrated by Pilling in comparing 18% 
Cr-8% Niand 18% Cr-14% Ni steels of various carbon 
contents. : 


The usual heat treatment for Cr-Ni austenitic steels is 
to hold at a temperature of 1750 to 2050° F. for 30 
minutes or less and then cool at a rate rapid enough to re- 
tain the carbides in solution and produce a full austenitic 
structure. Raising the temperature of treatment de- 
creases the strength and increases the ductility and tough- 
ness until all the carbides are in solution (high side of the 
above temperature range for steels with increased carbon 
and/or chromium) ; then has no further effect. Other heat 
treatments, with three exceptions, (1) reheating into thre 
800-1600° range of grain boundary carbide precipitation 
which causes a loss in toughness and ductility moderate in 
the low-carbon steels but increasing with carbon content 
and time of exposure, (2) stress relieving at temperatures 
of 600 to 800° F. to relieve cold working stresses and in- 


Table 5A (Continued) 
Part 2 


I I 


-300°F. after Room tem. 


Tensile Properties 


at 300°F. after Temp. (0.504" diameter Bar) 


)_ (£t.1d.) -300°F, °F. TT. S. psi. Y. S. psi. Blong. R. A, 


Chemical Composition, % Room -300°F. hrs. 
Cc Mn Wi Cr Others S P Temp. -85°F. -185°F. (1 hre) (hr. 
ell 10.5 15.6 .25V 113 ----- 86 350 
elk —— 11.5 16.2 --- —— «118 117-5 336 
206 4.07 1005 23.45 ----- -— 117) «117.5 117.5 336 
+11 0052 969 1367 86 7905" 168 
ell 12.0 1267 ------ 0811765 102 216 
ell 1569 12.25 1157175 11765 166 
+11 0.49 10.0518.3 .25 Si .02 .005. 124 117.5 107.5 100 192 
«11 0.49 12.0 14.7 Si .02 117 117-5 11765 98 216 
11 0.49 13.8 12.2 425 $1 .02 .005 111 117.5 117.0 102 168 
0649 14.0 14.15.25 Si .02 2005 117 117.5 117.0 116 166 


70 117 Room 
-300 232,000 77,000 30.5 45 
-30 210,500 112,000 50 64 
317.0. «= Ropn 30,500 38,500 59.5 75-5 
-300 197,500 89,500 47 60 
Room 112,000 53,500 47.5 
-300 172,000 143,000 14 14 
Room 101,000 37,000 72.5 
-300 245,000 66,000 28 ug 
5 107.5 Room 76,000 33,500 62.5 78 
-300 226,000 20,000 37 53 
117-5 100 Room _ 77,000 37,000 56 75 
-300 173,000 &3,000 64 67 
100 117 Room §&9,000 4g ,000 56.5 73 
-300 195,000 88,000 42.0 61 
95.5 109 Room 79, 500 22,500 60.0 75 
-300 212,000 80,000 45.5 55 
103 99 Room 78,000 33,000 57.0 5 
-300 207,000 62,000 47.5 59 
103.5 110.5 Room  §&0,000 34,000 52.5 75 
186,500 100,070 53.0 58 


® These specimens were broken clear through; none of the others parted completely. 


+ This steel became slightly magnetic after the long stay at —300° F 


Heat treatment: 2000° F., water quench. 
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Table 6A—Effect of Carbon Content on Mechanical 
Properties of 18% Chromium, 8% Nickel Steels"! 


Prop. Limit, Elong. R.A., 

Psi. % 2 In. % BHN 
19,500 70 72 140 
25,000 69 76 163 
28,000 69 73 166 
30,000 68 75 170 


Heat treatment: 2100° F., water quench. 
Heat treated in 1 in. diameter. - 


Carbon, 

% T.S., Psi. 
79,000 
85,000 
90,000 
93,000 


0.065 
0.11 
0.15 
0.17 


crease elastic properties and (3) heating of columbium or 
titanium containing steels in the temperature range of 
1550 to 1650° F. to precipitate the stable carbides and re- 
move the danger of chomium-carbide precipitation at 


lower temperatures, are without effect on mechanical 


properties of fully austenitic steels. 


Importance of Nitrogen in Chromium-Nickel Steels 


Nitrogen is even more effective than carbon in pro- 
moting and stabilizing austenite. This element is always 
present in small amounts in commercial steels and disre- 
gard of its effect has undoubtedly influenced the accuracy 
of much of the published data. Scherer, Riedrich and 
Kessner’ show the shift produced in the phase diagram of 


YIELD LIMIT 


NITROGEN CONTENT, PER CENT 


Fig. M—Effect of Nitrogen on the Yield Limit of 18% Cr-8% 
Ni Steel. (Scherer, Riedrich and Kessner) 


chromium-nickel steels with 0.109% carbon by the addi- 
tion of nitrogen (Fig. L). Figure M from the same source 
shows the influence of nitrogen on the yield limit of 18% 
Cr-8% Ni steels and Table 7A shows complete mechani- 
cal test data for a number of steels included in this in- 


Yield 
Limit 
psi. 


Chemical Composition 
$C GM 


&. psi. 


Impact* 
Strength 
Ft. 1b. 


Magnetic 
Saturation 


Gauss % Austenite 


-09 19.23 «148 
+12 18.75 2159 
+10 18.25 
-08 18.23 0153 
-14 19.17 «162 


. 


149, 000 
130,000 
111,000 
51,000 
49,000 


200, 000 
181,000 
165,000 
126,000 
108,000 


E532 


23.98 
+10 20.70 
+09 21.05 
«14 20.21 
20.76 
010 20.33 


150 


el 7 
+153 


69,000 
69, 500 
72,000 
63,000 
60,000 
58 , 000 


11€,000 
124,000 
118,000 
111,090 
110,000 
107,000 


. . 
VN 


+153 
+150 
2142 
2134 
+137 
»162 
0138 


70,500 
£9,000 
90, 500 
85,000 
85,500 
69, 500 
69,900 
66, 000 
67,000 


105,000 
105,000 
109,090 
109,000 
110,000 
113,000 
107,000 
104, 000 
106,000 


. 


ow \ 


25.03 
24,99 

015 2u.26 
+13 
+12) 24,32 
ell 24,78 
+13 24.02 
24.32 


24436 


20.66 
20.78 0235 
ell 20.58 2262 
009 20.13 0255 
009 20.03 


70, 500 
69,000 
62, 000 
63,000 
59,000 


120, 000 
124,000 
123,000 
111,500 
108,500 


012 25.08 
ell 24.96 
24.96 
ell 
24.39 
+13 24,92 
ell 25.03 


261 


266 


+253 


251 


74, 000 
89,000 
89,000 
§7,000 
§9,000 
82,000 
69,000 


103,000 
114, 000 
118,000 
112,000 
112,000 
116,000 
110,000 


* Sample: 10 x 10 x 55 mn, 
Heat treatment: 


Notch=3 mm. x 2 mm. diameter. 
2010°F., water quench. 
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P.S.1. 
42.5 = 
= 
34.0 | 
Sera 
31.0 A 
Table 7A—Effect of Nitrogen on Mechanical Properties of High-Chromium Nickel Steels'’ ig 
Zlong. R, A. Structure 
3.8 €.2 17.4 11, 960 ---- 75 
15-3 24.6 12, 350 5 95 
16.2 21.2 4g.5 8,920 ---- ---- 100 
40.1 49.6 132.4 &20 100 — commen 
44.6 46.3 177.2 430 100 ---- -——- 
40.0 52.4 127.3 6, 700 50 
42.6 5767 147.6 3,970 70 z — 
46.5 65.2 167.8 2,740 £0 20 hoe 
47.2 6F.7 146.1 1,620 a0 l -—- 
63.9 17568 620 95 
44.7 69.2 172.2 90 100 -— 
1.21 22.2 17.4 8,680 30 70 —_—- 
2.38 2320 34.0 7,540 us 
2528 98.4 6, 320 55 us -—- 
2722 126.0 4, 630 65 5 
7-10 34.2 134.5 3,080 60 2c 
10.75 33.4 140.3 2,060 90 10 oonaana 
12.22 36.6 154.1 950 5 
12.52 38.6 167.8 110 100 0 ---- 
13.17 172.2 80 100 ---- 
40.0 52.4 164.2 4,030 70 30 — 
41,4 54.6 167.6 3, 410 £0 20 
56.4 1, 430 30 10 — 
42.0 56.7 179. 580 95 Ss —— 
41.7 53-9 159.9 70 100 9 --— 
1.42 | 19.0 51.0 15.2 9,720 25 75 
2.35 S| 27.0 60.3 68.0 6,660 us 55 ---- 
2.32 28.5 62.2 85.4 5, 660 60 4o — 
4.66 [i 30.0 61.5 116.6 4, 010 70 30 oui 
7.34 3242 60.4 128.8 2,730 80 20 
9.53 a 34.4 58.2 149.0 1,890 90 10 --— 
12.01 33.6 59-7 157-7 90 100 0 
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P.S.1. strength of the nitrogen bearing 18-8 steels appears to in- 
X1000 crease nearly as fast with deformation as it does for the 


7000 284.5 nitrogen free steel. 
ite 28 6000 4 256.0 Chromium-Manganese Steels 
zs Manganese is another important austenite favoring 
5 ~~ $000 ; 227.52 clement which is added to high-chromium steels. For 
= iron-manganese alloys and low-alloy steels, the effect of 
"aif & 4000 4 A 199.0 = 1% Mn is equivalent to several per cent of nickel in re- 
ry aw 4 tarding the decomposition of austenite. Hence, man- 
i = 3000 x 171.0 ,, Sanese is one of thre most effective alloying elements for 
ri a ® use in the Hadfield steels (1.0-1.4% C, 10% min. Mn, 
=,0.3-1.0% Si, 0.05% max. and 0.1% max. P) which are 
te w 1000 lt A 114.0 ~ austenitic and tough after water quenching from 1830- 
1940° F. Slow cooling through or reheating within the ( 
= o 855 temperature range of 750-1800° F. completely embrittles 
the Hadfield steels.**4 
o lt 20 30 40 50 60 70 80 Manganese is not able to replace nickel in the low-car- 
4 COLD DEFORMATION, PER CENT bon, high-chromium steels, because, as shown by com- 
a, — - — Magnetic saturation of 18-8 steel parison of Fig. O” with Fig. B, very high manganese 
i —— — Tensile strength of 18-8 steel additions are required to produce wholly austenitic struc- 
. ———— TS. of 18-8 steel with 0.16% N; tures with more than 12% Cr. In spite of their two- 
sr Magnetic saturation of 18-8 steel with 0.16% N, 


f 


| 
tee 


Fig. N—Difference in Work Hardening Characteristics of 18% 
Cr-8% Ni Steel Produced by 0.16% Nitrogen. (Scherer, 
Riedrich and Kessner) 


vestigation. A conclusion of Scherer, Riedrich and Kess- 
ner was that austenitic chromium-nickel-carbon-nitrogen 
steels retain good toughness up to 30% of ferrite. Em- 
brittlement after extensive heating at elevated tempera- 
tures was thoroughly investigated and it was found that 
the tendency toward embrittlement at all temperatures is 
practically the same for chromium-nickel-nitrogen steels 
as for similar steels without nitrogen. 

While the austenitic 18% Cr-8% Ni steels do not re- 
main austenitic after cold work as shown by increase in 
magnetism, with the addition of 0.15% N practically no 
austenite is transformed into martensite by cold deforma- 
tion as shown in Fig. N. In spite of this, the tensile 


phase nature, very favorable combinations of strength 
and toughness may be obtained in certain of the chro- 
mium-manganese steels as shown by data extracted from 
Kinzel and Franks’ excellent summary" (see Table 8A). 
The 0.20% C, 10% Cr, 18% Mn steel has good normal 
temperature properties, but work hardens rapidly and is 
too low in chromium for very high corrosion resistance. 
The 18% Cr, 10% Mn steel with about 0.10% C is the 
most important commercial high chromium-manganese 
grade. Increase of manganese to about 14% improves 
toughness but increase in chromium is detrimental. Car- 
bon in excess of 0.2% increases hardness but toughness 
decreases rapidly. 


Other Alloy Combinations 


The combination of nickel and/or copper with man- 
ganese in the high-chromium steels is of commercial im- 


Table 8A—Mechanical Properties of High-Chromium-Manganese Steels" 


Chemical Composition Heat Treatment 


Izod 
Elong. R. Aw impact 


@ Si Temp. °F. Quench S. psi. Y. S. psi. % 2 ine % Ft. lbs. 
-19 10.10 17.66 .88 1230 Air 119,000 4,000 5u 54 115 179 
-O7 17.52 O41 Air 84,000 7,000 eu 54 42 153 
-05 17-95 S72. ot 1380* Air 110, 000 50, 090 27 57 53 143 
-06 17.47 ' 32 1830 Vater 95, 600 43,000 21 25 94 149 
-06 17-47 6.48 .32 2100 Yater 121,500 &7,000 26 31 103 163 
8.26 86.04 192° Yater 126,000 4g ,000 27 28 112 163 
-07 17-88 6.26 .04 1920 Air 121,000 52 ,000 25 25 77 156 
e221 #93 7-62 1830 Water ----- ---- -- --- 207 
16.93 7-62 2100 Yater 106,000 46,000 21 31 63 202 
-O7 17655 10.48 .05 1920 Water 129,000 47,000 _ ho ko 120 16 
17655 10.48 1920 Air 134, 900 47,000 37 32 111 17 
16.9 11.5 1920 Yater 121,000 47,500 65 85 217 
-18 16.34 11.7 32 2100 Yater 92,900 47,500 66 120 187 
-10 20.41 11. 222 1920 Yater 33,000 49,000 43 60 120 163 
20.41 11.44 .22 1920 Air 108 ,500 47,000 69 85 163 
-09 17654 14.77 .39 1920 Yater 96,500 50,900 9 71 120 163 
17654 14.77 1920 Air 106,000 44.000 51 57 120 166 
-05 17-88 16.53 .27 1920 Water 102,000 47,000 50 53 120 174 
, 0 1766S 16.53 27 2100 Water 95,500 55,000 51 71 120 174 
-25 16.08 20.25 .26 1920 Vater 103, 000 52,000 50 57 74 179 
«616608 2100 Vater 91,500 46, 000 50 53 120 170 


* Held 4 hours 
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straight high chromium-nickel types after similar heat 
treatment (see Table 9A). 

The other common addition agents, molybdenum, sili- 
con, columbium and titanium are all ferrite promoting 
when added to the high-alloy chromium-nickel steels or 
chromium-manganese steels. Molybdenum has been 
estimated to be twice as effective as chromium in this 
respect,'® which fact indicates that chromium must be 
proportionately decreased or nickel increased to obtain a 
wholly austenitic structure in an 189% Cr-8% Ni steel to 
which molybdenum has been added. Kinzel and Franks"! 
indicate that silicon in amount up to 3.5% does not im- 
pair the ductility or toughness of 18% Cr-8% Ni type 
steels after rapid cooling from 1920° F. However, silicon 
seriously increases the tendency of two-phase structures 
to be embrittled in the range of sigma phase formation 
(1100—1650° F.) and also toward 475° C. (875° F.) em- 


AUSTENITE 


0 brittlement. As shown by data cited in Table 5A," the 
@) 10 20 30 40 50 normal small additions of columbium and titanium do not 
Weig i Cr-8% Ni steels, and 

Py ht affect mechanical properties of 18% Cr-8% N ,é 
Fe Manganese, Per Cent by the addition of either of these elements stabilizes carbides 
Fig. O—Constitution of Rapidly Cooled Iron-Chromium- and minimizes loss in toughness in steels exposed to tem- 
Manganese Alloys. (Burgess and Forgeng Data as Shown by peratures which cause intergranular carbide precipita- 


Sachs and Van Horn) 


tions. In larger amounts, e.g., over 0.50% Ti or over 
1.0%Cb, there is a loss in toughness. 


portance and has been investigated thoroughly. Kinzel 
and Franks" state that copper tends to increase the re- 


tention of austenite without increasing its amount at high Effect of Grain Size on Properties 
temperature, but nickel increases both the amount of 
austenite present at high temperature and its retention. Grain growth occurs in austenitic steels held at elevated 


Nickel has been found to be about twice as effective as temperatures for too long a time, the rate of grain growth 
manganese in producing austenite in 18% chromium increasing with time and temperature. Coarse grain 
steels, and with about 4% nickel present, manganese can structure does not cause austenitic steels to lose their 
be substituted for nickel in the proportion of 2 to 1 to toughness, a very fortunate fact, because the grain size 
give structures and mechanical properties which are cannot be refined by heat treatment (only by deforma- 
ordinarily not distinguishable from those obtained with tion) and castings of moderate or large section cool slowly 


Table 9A—Mechanical Properties of High-Chromium Steels with Manganese, Nickel and Copper Additions"! 


Chemical Composition W. Q Hlong. R. A. Izod 
4c &¢Cr T. S. psi. Yeo S. psi. % 2 in. % Ft. lbs. 
17.88 8.26 ---- ---- 1920 121,500 4g , 000 27 28 112 163 


17.70 9.40 ---- 68 1920 97,000 51, 709 43 54 120 170 


17-86 ---- 1920 103, 500 50, 000 59 120 159 


18.25 8.68 ---—- 1.10 1920 117,000 47,009 41 We 170 


8.64 --— 2,12 1920 89,900 48,900 60 112 163 


17.86 


17-24 8.63 --—— 2.66 1920 92,000 54,000 he 70 120 159 


009 18.15 8.44 1.09 ---- 1965 120,500 56,000 50 59 120 187 


-06 18.04 7-90 2.06 --— 1965 118,500 49,000 49 63 120 170 


18.54 6-74 3.08 -—— 1965 110, 800 44,000 50 64 120 170 


-06 18.50 6.79 406 -——= 1965 108,500 4g, 000 55 69 115 163 


0S 18.54 5.16 7 — 1920 104, 000 45, 000 60 70 118 159 


006 41850 620 632 -—— 1920 94, 000 42,009 61 73 112 159 


-10 18.00 8.07 2.10 059 1920 108,250 52,000 56 69 120 183 


09 15.40 5.33 4,07 78 1920 94, 000 47,009 59 75 120 156 


e12 21.77 «6030 6017 1920 104,000 


22.17 6.15 5-73-1409 1920 .- 96, 000 41,000 56 69 115 153 


50 
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Table 10A—Tensile and Notched-Bar Impact Tests of Cast High Chromium-Nickel Steels 


1800° F,* 
As Cast 2_hrs. W.Q, 
Charpy V Notch Charpy 
Chemical Composition Hlonge R. A. Ft. lds. Ft. lbs. 
$C SM FSi 7 S. psi. $2" gare % + 70° F. F. -100° =100° F, 
90, 200 34.2 35.4 92 61 
1.80 13.2) 8.27 .90 2022 .011 93,500 37-209 82 20 65 
72, 600 ol 93 26 67 
ell 1.80 7.662 .010 7'+, 600 47.0 98 12 59 
78,500 38.6 40.7 31 12 11 28 
el4 1.75 20.8 8.12 .68 .021 .011 80,600 40. 49.8 28 15 11 34 
77, 300 40.7 115 32 12 24 
«61682 8.02 .77 020 .010 79,000 «0 ‘2.8 96 26 22 17 
69, 400 24.2 35.8 64 30 31 12 
17-4 8627 «67 2021 .010 75,000 28.6 36.3 60 32 27 19 
83,200 32.8 34.0 32 22 21 11 
1663 21.0 8.22 .66.022.012 8,000 43 28 13 ll 


* 1/2 inch square bars 


in the mold and develop a very coarse grain. Segregation 
tion (coring) into areas of chromium-rich ferrite and 
nickel-rich austenite occurs and the several embrittling 
reactions caused by carbide precipitation and breakdown 


‘ of both austenite and high chromium ferrite to new phases 


are encountered during slow initial cooling of castings, so 
that the toughness of high-alloy steel in the as-cast con- 
dition may be poor. Nevertheless, heat treatment to dis- 
solve the carbides and produce a uniform persistent 
austenite is sufficient to give properties in coarse grained 
austenitic castings comparable to those obtained in 
wrought steels of similar compositions. 

Grain growth also occurs in high chromium ferritic 
steels held at elevated temperatures for too long a time, 
and a coarse grain structure in these steels is associated 
with severe embrittlement. Since there is no phase 
change the grain size cannot be refined by heat treat- 
ment. The discovery that additions of small amounts of 
nitrogen to these steels inhibits grain growth has greatly 
increased their usefulness.’ 

Hardenable high-alloy steels have poor toughness 
associated with excessive grain size and severe segrega- 
tion of large sections in the as-cast condition. A new 
fine grain size is developed each time these steels are 
transformed to austenite by heating just above the fer- 
rite to austenite phase change temperature. Frequently, 
these steels are subjected to a high temperature homoge- 
nizing treatment to diffuse segregations and then reheat 
treated to refine the grain if toughness is required. It is 
not known whether large grain size directly impairs 
toughness or is associated with conditions, sych as various 
grain boundary precipitates, which do the damage. 


Properties of Experimental Chromium-Nickel Steel 
Castings 


The tensile properties and results of notched-bar im- 
pact tests at subnormal temperatures for a series of six 
high chromium-nickel steels cast by Experimental Foun- 
dry of Watertown Arsenal Laboratory are shown in Table 


10A. Nickel was held constant at 8.0% and two levels of 
carbon content and three levels of chomium were used. 
The specimens were taken from ingots approximately 
3x 3x 14 in. cast in green sand molds. Because of the 
slow rate of cooling considerable dendritic segregation 
and a very coarse grain size were developed in the as-cast 
condition. Carbide precipitation and embrittlement of 
chromium ferrite would be expected. It is interesting to 
note that in both the as-cast and heat-treated conditions 
notched-bar impact values are superior for steels with the 
lower chromium (13%) and carbon (0.10%) contents, 
apparently because of lesser carbide precipitation and 
better retention of persistent austenite. 
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Redistribution of Residual Welding Stresses by 
Tensile Loading Along a Unionmelt Weld 
Joining Two 3-Ft. x 12-Ft. x 1-In. Plates’ 


By J. L. Meriam!, E. Paul DeGarmo?! and Finn Jonassen' 


l. Introduction 


NASMUCH as ship plates with welded 

seams are subject to the various loads 
transmitted through the ship’s structure, 
a question immediately arises as to how 
the stresses are distributed in the vicinity 
of the weld, and as to the extent of re- 
sidual weld stress reduction or readjust- 
ment due to application and removal of the 
loads. It has been a common assumption 
that under service conditions of repeated 
loadings the residual welding stresses are 
gradually reduced due to a mechanical 
“working.” To help answer this question 
two tests were made wherein a Unionmelt 
weld connecting two plates was pulled in 
tension along the weld and then the ex- 
ternal load removed. The residual stress 
pattern existing after removal of the load 
was then measured and the adjustment 
of residual stresses determined. 


IL Procedure 


Two 1-in. plates, 3 x 12 ft., of ordinary 
A.B.S. quality low-carbon ship steel, were 
joined by a Unionmelt weld along their 
long edges. Pulling tabs to fit the testing 
machine grips were welded manually to 
the panel at each end of the weld. Figure 
1 gives the welding details and dimensions 
of the specimens. To prevent undue 
warping the welding for the tabs was done 
symmetrically from each side while the 
specimen was supported in a vertical po- 
sition. The Unionmelt weld bead was 
ground slightly and type SR-4 electrical 
strain gages were attached along the bead 
on both sides of the plate aad on a sectioa 
in the middle of the specimen transverse 
to the weld, using the technique described 
in a previous paper.* Each gage unit had 
elements parallel to and normal to the 
specimen axis so that both longitudinal 
and transverse strains could be measured. 
Dummy gages for temperature compensa- 
tion were mounted on the specimen at the 
position iadicated in Fig. 1. Figure 2 
shows one of the specimens with gages 
attached and mounted in the testing 
machine. 

For the first specimen loads were ap- 
plied in several increments up to and in- 
cluding 1,000,000 Ib., at which point the 
load was decreased in increments to zero 


*Scheduled for Twenty-Seventh Annual 
Meetin , AW.S., Atlantic City, N. J., week of 
Nov. 17, 1946 
_ t Assistant Professor of Mechanical Engineer- 
a University of California. 

_ 4 Associate Professor of Mechanical Engineer- 
ing, University of California. 


While each load was maintained, strain 
readings on all gages were taken. The 
load was then increased in a similar man- 
ner from 0 to 1,400,000 Ib. (20,000 psi. 
nominal stress) and then decreased in steps 
to zero. Again strain readings were re- 
corded for all gages at each load. 

A second specimen was prepared and 


tested in a like manner to a load of 640,000 
Ib. (9300 psi. nominal stress) to determine 
the extent of stress relief due to the smaller 
loads which would be more normally en- 
countered in ships in actual service. 

Both tests were made at a room tem- 
perature of about 68° F. 

The final residual stresses existing at 
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Fig. 2—Tension Panel in Testing Machine 


, zero load after the loading cycle was com- 


pleted were determined by drilling out 
plugs containing the gages and applying 
the familiar stress-strain relations in the 
manner previously standardized and re- 
ported in an earlier paper.* 

The stresses existing at the maximum 
load were obtained by adding to the final 
residual stresses the stress increments 
which occurred during the removal of the 
external load from the maximum value to 
zero. This can be further explained by 
coasidering any element of the specimen 
(either in the weld or in the plate) as being 
under a longitudinal stress a7 at the con- 
dition of maximum load. The stress o7 is 
the total longitudinal force acting on the 
element divided by the area of the element 
over which this force is applied. The proc- 
ess of removing all the stress or from this 
and all other elements took place in two 
steps. First a reduction of stress o, was 
occasioned by the removal of the external 
load on the specimen. Secondly the re- 
maining residual stress og was relieved by 
cutting this element away from its sup- 
porting metal. Thus o7 = o, + or. 


‘In addition to the longitudinal stresses 


there were stresses transverse to the speci- 
men axis which were combined in an 
analogous manaer. 

The changes in longitudinal stresses o, 
and corresponding transverse stresses due 
to the removal of the external load were 
computed by first plotting the load versus 
the strain measurements for all gages dur- 
ing the load removal. These plots were 
straight lines and indicated elastic de- 
creases in stress, since during the removal 
of load the stress increment at any point 
was proportional to the corresponding 
load increment. The resulting strain 
increments, both longitudinal and trans- 
verse, averaged for the symmetrical loca- 


*See E. Paul DeGarmo, J. L. Meriam and 
Finn Jonassen ‘A Method for the Measurement 
of Residual Welding Stresses,"’ THe WerLDING 
one... Research Supplement, 340-s to 343-s, 
une ; 


tions A, B, C, D (Fig. 3) were then sub- 
stituted in the familiar stress-strain equa- 
tions for elastic conditions and the de. 
crease in stress computed. 

These stresses were then added to the 
final residual stresses to obtain the stresses 
existing at the maximum load. 


Ill Results 


The final residual stress, the stress ex. 
isting at the maximum load and the ini- 
tial residual stress in the as-welded con- 
dition, all for the longitudinal direction, 
are shown in Fig. 3 for the transverse sec- 
tion for the two specimens. The initial 
residual stress in the as-welded condition 
(dotted lines, Fig. 3) was not measured for 
these two test panels but was assumed 
from consistent results of numerous 
earlier testst on l-in. Unionmelt welds. 

It should be noted that a residual stress 
reduction of 46% was achieved in the weld 
with the application of 20,000 psi. nominal 
stress. This stress is undoubtedly higher 
than the actual nominal deck stresses en- 
countered under normal or even moder- 
ately severe service conditions. The 
nominal stress of 9300 psi. applied in the 

t See-E. Paul DeGarmo, J. L. Meriam and 
Finn Jonassen, “Residual Stresses in Intersecting 


Butt Welds,” Tae Wetprnc JourNat Research 
Supplement, 451-s to 463-s, August 1946 
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Fig. 4—Prediction of Residual Weld Stress 
Reduction 


second specimen is more nearly the magni- 
tude expected in the strength deck of a 
ship under normal conditions, and this 
resulted in a 14% reduction of longitudinal 
weld stress. 

It is important to note that the longitu- 
dinal stress im the weld existing at the 
maximum load is in excellent agreement 
with the assumed initial residual stress. 
Thus the longitudinal stress in the weld did 
not increase as the external load was ap- 
plied which would indicate that the weld 
metal was initially at or very near its yield 
stress value. 

The amount of relief of residual weld 
stress can be roughly predicted when the 
width of the plate is large compared with 
the width of the weld. The assumption is 
that the weld strip behaves plastically 
during loading and elastically during un- 
loading, and that the supporting plate 
moves elastically both for loading and un- 
loading. Referring to Fig. 4, which is a 
schematic ‘nominal stress-strain diagram, 
the stress in the supporting plate behaves 
elastically and its nominal value moves 
from a condition of low compression (taken 
as zero at point a) to a condition at } dur- 
ing loading. During unloading the path 


hibited. 


of nominal stress returns to a condition of 
low compression which again is taken as 
nearly zero at a. The weld, on the other 
hand, does not increase its stress during 
loading but moves plastically along c-d 
an amount nearly equal to the elastic 
movement of the supporting plate. Dur- 
ing unloading the weld relaxes elastically 
along the path d-e, where point e repre- 
sents nearly the same strain condition as 


that of point c. Thus, with this approxi- 


mate picture the reduction in residual 
weld stress equals the applied nominal 
stress. For the first specimen-the maxi- 
mum applied nominal stress was 20,000 
psi. arid thus the predicted final residual 
stress is the assumed initial weld stress of 
47,000 — 20,000 psi. or 27,000 psi. The 
measured final residual weld stress was 
25,400 psi. For the second specimen the 
applied nominal stress was 9300 psi. and 
thus the predicted final residual weld 
stress is 47,000 — 9300 psi. or 37,700 psi. 
The measured value was 40,500 psi. 
Again it is emphasized that this method 


‘represents only a first approximation to 


the stress adjustment. A second approxi- 
mation could be made by considering the 
initial nominal plate compression and ad- 
justing the final weld and plate conditions 
for equilibrium. However, this is prob- 
ably not justified since the differences be- 
tween predicted and measured stresses are 
probably within the limits of experimental 
reproducibility for such a test. 

It should not be inferred from the re- 
sults of these tests that all welds undergo a 
residual stress relief due to application and 
release of load. In the case of the two 
specimens described here, there was very 
little restraint in the direction transverse 
to the weld and normal to fhe plane of the 
plate, and thus plastic flow was not in- 
However, where welds are 
made in regions of high restraint in all 
three directions, such as those at or near a 
square hatch corner of a ship, plastic flow 
and its accompanying residual stress re- 
lief may not occur. 

The pulling tabs were far enough re- 
moved from the transverse test section so 
that essentially a uniform load distribu- 


tion across the plate was achievea. This 
was shown during the initial loading 
wherein the gages in the plate away from 
the weld recorded comparable strain in- 
cfements, longitudinal and transverse, 
while the elastic state still obtained. This 
uniform distribution was also further 
demonstrated by the uniform decrease in 
stress across the section due to the removal 
of the loads for both specimens. 

Residual stresses transverse to the weld 
and changes in these stresses due to the 
loading cycle were calculated but are 
small and are not plotted. 


IV. Conclusions 


1. When a load is applied in the direc- 
tion of a Unionmelt weld joining two wide 
l-in. plates, the weld yields relative to its 
adjoining plates and its maximum stress 
does not increase (within the load limits 
of the tests reported). 

2. A relief of longitudinal weld stress 
is accomplished upon the release of the 
applied tension and is due to the plastic 
flow of the weld relative to its supporting 
plate and to the subsequent elastic relief. 

3. The amount of the decrease in lon- 
gitudinal residual weld stress for welds 
wherein the initial residual longitudinal 
weld stress is at or near the yield value is 
approximately equal to the applied nomi- 
nal tensile stress in the plate. 
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Discussion of Article on 
Stress Corrosion 
Cracking 


By Geo. F. Comstock? 


HIS article presents an interesting theory that ni- 
trogen in steel is the cause of strain aging, caustic 
embrittlement, and stress corrosion cracking, and 
includes also a useful and voluminous bibliography of the 
subject. In their zeal for defending their theory, how- 
ever, the authors seem to have overlooked some of the 
* Article by Messrs. Waber and McDonald on “Relation of Strain Aging 
to the Stress Corrosion Cracking of Mild Steel,” Tae Wetpinc JouRNAL, 


earch Suppl t, April 1946, p. 223-s. 
t Chief, Physical Metallurgy, The Titatium Alloy Mfg. Co. 


pertinent evidence that was available and which makes it 
difficult to accept the theory as broadly as it is presented. 
The problem and its solution are not quite as simple as 
the authors claim. 

For instance, strain aging is treated as a single subject, 
and the fact that some kinds of strain aging are prevented 
by deoxidation, while other’kinds require the elimination 
of nitrogen and carbon for their control, is not considered. 
The effect of aluminum on strain aging is not the same as 
that of titanium, in spite of the authors’ attempts to 
make them appear alike. This has been clearly explained 
in some of the references given with the paper. Alumi- 
num will prevent aging effects due to oxygen, but not 
those due to nitrogen or carbon, which are prevented by 
titanium. The reason for this difference becomes clearly 
apparent when the respective oxides and nitrides are com- 
pared on the basis of thermodynamic stability. The free 
energy of formation of aluminum oxide indicates higher 
stability than that of any oxide of titanium, but the 


(Continued on page 7 28-s) 
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Selecting Spot-Welding Schedules 


Low-Carbon Steel 


By Julius Heuschkelt sp 


Abstract 


Problems involved in the production of high-strength spot- 
welded joints in low-carbon steels up to '/:-in. in thickness were 
experimentally investigated. A series of interrelationships be- 
tween the different variables was discovered to exist, most of 
which have been reduced to mathematical terms. 

Weld sizes and strengths were first studied with respect to sheet 
thicknesses and strengths to determine the minimum spacings which 
need be used for the production of high-strength joints. Spot 
welds in shear in low-carbon steel develop the full tensile strength 
of a strip of the adjoining metal which has a width greater than that 
of the weld diameter. The ratio of this width to the weld diameter 
was found to decrease as the material thickness increased. Larger 
welds were found to be higher in strength but the unit calculated 
shear stresses at failure were lower. From this combination, 
using the derived mathematical relationships, the weld size- 
spacings conditions for various joint strengths were established. 

Starting with this predetermined weld continuity single im- 
pulse schedules were developed for the production of welded joints 
of high strength. The force-thickness, electrode-force, force- 
current and time-thickness relationships were determined in order, 
as required for the weld quality limits. Following the determina- 
tion of these interrelationships and using a low angle truncated 
cone tip, 12-in. wide spot-welded joints, involving the making of 
from 5 to 40 welds per joint, were tested. 

High-strength joints were produced. Conditions which sult 
in the production of nonuniform weld sizes were found to be harm- 
ful to the over-all joint strength, an indication that care must be 
taken to adequately compensate for current shunting losses and 
that the use of an automatic current regulator is generally desirable 
r 4 correct for varying amount of metal within the welding machine 
throat. 

For the spot welding of the thicker plates heavier equipment is 
required but the results provide more shear strength per pound of 
force and per secondary ampere. Also up to about 0.30 in. in thick- 
ness more strength is produced per cycle of weld time. 

Both the welding conditions required and the resulting weld 
properties were found to vary with material properties. 

The results are summarized in the form of a table giving recom- 


mended single impulse data for use on plates up to '/: in. in thick- 
ness. 


Introduction 


POT-WELDING data obtained from single welds 
have been found to be generally unsuitable for 
direct application to the making of closely spaced 

welds. This factor requires: the establishment of spot- 
welding schedules suitable for use under adverse mul- 
tiple-welded joint conditions. 

A study of the various problems involved in the pro- 
duction of high-strength, high-quality spot-welded joints 
in the commonly used grades of low-carbon steel dis- 
closed the presence of a number of specific interrelation- 
ships which were advantageously employed as the basis 
for the establishment of spot-welding schedules which 
appear to be suitable for use under a wide range of condi- 


* Scheduled for Twenty-Seventh Annual Meeting, A.W.S., Atlantic City, 
N. J., week of Nov. 17, 1946. 

+ Research Engr., Westinghouse Electric Corp., Research Laboratories, 
East Pittsburgh, Pa. 


tions and applications. These schedules provide com 
pensation for current shunting losses and were estab. 
lished to produce welds of the minimum sizes and spac- 


Fig. 1—Specimen Before Testing 
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ines found necessary for the production of a combined, 
single-weld-row lap joint strength equal to or approaching 
that of the unwelded sheet or plate. The basic data 
are equally applicable to the production of more widely 
spaced or single welds. 

The experimental method of approach used was to 
first determine the properties of ‘‘suitable’’ spot welds 
made under different conditions, select a desirable and 
economical weld size, ascertain what weld spacings are 
required for the production of joints or connections of 
various strengths and then schedules were established to 
provide high-strength welded joints with the minimum 
spacing requirements. 
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Fig. 2—0.032 x 40-Weld x 12-In. Wid2 Specimen, Tensile 
Eff. = 96.4+% (Ingot iron) 


* Part I—Design Features 
Spot-Weld Strengths 


General 


The strength of an individual spot weld, when tested 
in shear by the use of a standard type tension-shear 
specimen, can be shown to vary with the thickness, 
ultimate strength and composition of the base metal, the 
diameter and extent of fusion of the weld and the width 
of the test specimen. When applied within a joint or 
connection, the center-to-center spacing and the arrange- 
ment of the welds within the parts are added variables, 
even for welds of equal diameters. For the purposes of 
this paper, the discussions will be confined to the making 
of welds at spacings down to or approaching those re- 
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Fig. 3—Relations Between Single-Weld Strength and Diameter 
(Variable Specimen Thicknesses, Strength and Width) 


quired to secure the full static tensile strength of the 
unwelded base metal when tested as a simple lap joint 
containing a single row of welds, generally located at 
right angles to the direction of loading. These condi- 
tions are illustrated in Figs. 1 and 2. This does not 
mean that the use of a single row of welds is being ad- 
vocated for all applications. The conditions selected 
as test limits were those of maximum severity. 
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Single welds in two pieces, 1/,in. 45,000 psi. low-carbon steel. 
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Single Welds 


Spot welds, in various thicknesses of specific sheets, 
may have strengths which vary over a rather wide range 
when tested as shown in Fig. 3. 

Figure 4 demonstrates the influence of specimen width 
upon spot-weld strength. Specimens within the lower 
range (A to B) cannot be produced in practice and such 
conditions could occur only if a part were post-machined 
down after welding to a width less than that of the 
original weld. Within the width range of B to C, the 
welds also develop the full strength of the unwelded base 
metal, a most useful property of spot welds in this mate- 
rial. As specimen widths are further increased, the 
shear strength contrives to increase somewhat up to a 
point about 25 sheet thicknesses in width. Beyond this 
the stiffening action of the sheet provides little or no 
further increase in the weld shear strength. 

Data based upon the use of specimen widths substan- 
tially above the point C will provide optimistically and 
erroneously high values for use in calculating expected 
individual weld strength within a row of welds where the 
spacing approaches the value C. If widths less than the 
value C are used, the failures will probably occur in the 
sheet, and it becomes impossible to determine the real 
strength of the weld, as shown in Fig. 5. All welds in 
that series have the same actual size and potential 
strength. Therefore, in either a research or an inspec- 
tion program, it becomes necessary to relate the speci- 
men width used to the spot-weld diameter. A minimum 
ratio of about 3.5 to 1 is desirable for the thinner sheets. 
Specific confirming data are shown in Fig. 6, wherein the 
average shear strengths for varying widths of specimens 
are given for three common thicknesses. These same 
data are replotted in Fig. 7 to determine the location of 
the width-diameter ratio for which the full sheet strength 
would be developed. For the specific welds and mate- 
rials this ratio was found to be about 2.5 to 1. 

The relationship between weld diameter, specimen 
width and weld strength is further illustrated in Fig. 8 
for single welds in two pieces of '/s-in., 45,000 psi., low- 
carbon steel. In this graph, the approximate loci of equal 
strength welds for various diameter-width relationships 
areshown. Type of weld failure does not enter into these 
presentations. If the specimen is too narrow, failure 


Table 1—Tension-Shear Strengths of Low-Carbon Steel 
Spot Welds 


Measured Single Shee} Thicknege (Inehea) 
Serial y _.060_ _.150_ 
1 Shear - lbs. 540 2040 4610 3830 5000 5330 
Dia. - ins. 15 26 
2 Shear - lbs. $40 2410 4490 5100 5470 7820 
Dia. - ins. 16 226 255 56 54 258 
3 Shear - lbs. -1020 2280 4920 4410 5490 7070 
Dia. - ins. -20 227 256 257 256 
a Shear - lbs, 895 2520 5000 4730 5230 6690 
Dia. - ine. «23 256 «57 «41 
5 Shear ~- lbe. 950 2440 5540 4470 5720 7820 
Dia. ine. 257 257 237 242 
6 Shear - lbs. 950 2150 4910 4510 6120 6470 
Dia. - ine, 250 257 «40 4 
Shear - lbs, 1080 2470 5750 5080 6470 
Dia. ins. 28 «41 4 
8 Shear - lbs. “--- 2590 5220 5250 6550 8640 
Dia. ines. 45 245 245 
9  Shear- lbs. ---- 2670 8600 5400 8390 
Dia. ins, ---- 46 ---- +47 
10 Shear - lbs, ---- 2820 — — ence 9250 
Actual material ten- 700 47,700 55,700 42,300 44,700 50 
Specimen width, ines. 1 1 2 2 2 -2 
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Fig. 9—Relationship Between Ratio of Weld Diameter to Sheet 
Thickness and Calculated Average Shear Stress 


occurs in the sheet without developing the full potential 
strength of the weld, but whether a shear or a button 
type of failure occurs does not enter into the graphical 
relationships. 

Using a suitably large width of specimen to weld diame- 
ter ratio, a series of test results were obtained for sheet 
thicknesses ranging from 0.024 to up 0.130 in. in thick- 
ness. These data, shown in Table 1, are plotted in Fig. 9. 
Weld size is shown as a ratio of the sheet thickness and 
the calculated average shear stress on the weld ingot at 
the time of failure is shown in pounds per square inch. 
The low calculated average stresses at failure on the 
relatively large welds are not an indication of defective 
welds. This is merely the result of failure occurring at 
the edge of the weld, in the sheet, before the metal in the 
weld could be stressed anywhere near its full potential 
maximum shear stress. This was illustrated in Fig. 5 
(C). Regardless of the actual strength of the metal 
in the weld nugget, it was only possible to develop the 
unit stresses shown in Fig. 9. The four most significant 
things about this plot are that: 

(a) The larger the weld diameter with respect to the 
sheet thickness the lesser is the average unit shear stress 
imposed upon the weld ingot at the time of failure. 

(6) As weld diameters become relatively small, 
that is, from about one to two sheet thicknesses in 
diameter, there is a tendency toward erratic perform- 
ance. In fact, it becomes difficult to make a weld as 
small as one sheet thickness in diameter, particularly in 
rows. 

(c) For the conditions investigated, the highest aver- 
age unit shear stress developed at failure occurred at a 
relative weld size of about three sheet thicknesses. 

(d) Fora given relative weld size there is a tendency 
toward a lesser average unit stress being developed as the 
sheet thickness increases, and conversely these stresses 
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Dia. (a) Ratio 
-20, Def, 1.85 
-20 1.85 
-25 2.32 
-25 2.32 
.2? 2.52 
232 2.96 
.38 3.52 
3.89 
4.07 
49 4.53 


of Variable Size Welds (Single 


Pounds 

700 22,500 
1,300 40,100 
2,000 40 ,800 
2,580 52,500 
2,500 43,700 
3,650 45,450 
6,075 53, 600 
6,250 45,200 
6,510 42,800 
6,780 35,950 
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Weld in 0.108 x 2-In. Wide Sheets) 


Type of 
F; 


Shear 
Shear 
Shear 
Shear 
Shear 


Double 


Double 
Double 
Double 
Double 


button 


button 
button 
button 
button 


Table 3—Results of Tests on Variable Strength Sheets 


0.019 In. Thick (Constant Weld Schedule) 


Width of specimen, in 


ches 


Unwelded sheet strength, PSI 


Weld diameter, inches 
Weld spacing, inches 
No, of welds in Joint 
Min, edge diet., inch 
Overlap, inches 


Breaking load, pounds total 
Breaking load, pounds per weld 


Location of failure 


Type of failure 


Weld continuity, per cent 


2 


50,000 


Sheet 


Ductile 


Calculated joint efficiency, per cent 


36.0 
94.0 


2 
105 ,000 
-i8 


Sheet 
Brittle 
36.0 
93.0 


Sheet 
Brittle 
36.0 
95.0 


Table 4—Average Results of Shear Tests on Two-Weld 


Connections 
Spec. Weld Weld Spacing 
Dia. 
.038"x 1" 1 weld 
-50 1.67 
35 2.397 
50 30 1,00 
-082"x 2" 43 1 weld 
«90 2.67 
59 1.54 
245 1.22 
255 235 1,00 
2100 x 2" 1 weld 
«39 1,00 2.56 
267 1.86 
50 1,355 
40 1.00 


---- 13350 1350 
Trans. 1730 865 
Long. 1780 890 
Trane. 1780 890 
Long. 1820 910 
Trans, 1780 890 
Long. 1700 850 
---- 5220 5220 
Trans. 7950 3975 
Long. 7780 3890 
Trans, 7480 3740 
Long. 7450 3715 
Trans. 7520 3760 
Long. 6970 3485 
Trans. 6870 34355 
Long. 6620 3310 
6075 6075 
Trans. 9580 4790 
Long. 9000 4500 
Trans. 7980 3990 
Long. 8600 43500 
Trans. 7900 3950 
Long. 7920 3960 
Trane. 7130 3570 
Long. 7670 3830 
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Fig. 10—Relation Between Sheet Strength and Strength per 
Weld for 0.019-In. Thicknesses 


tend to increase for the thinner sheets. This is shown by 
the results obtained from the 0.024-in. sheets, Fig. 9. 
The minimum average stress to relative weld size re- 
lationship depicted in Fig. 9 for the 0.130-in. thickness, 
45,000 psi. steel may be approximately described as: 


_ 148,000 _ 143,000¢ (1) 
where 
s = calculated average shear stress on the weld ingot 
in psi. at maximum load, 
r = ratio of weld diameter (d) to one sheet thickness l 
(t), with both (¢) and (d) being in inches. ‘ 
{ 
3 a+ t X08C 
bi 
3 4 7 
3! u2¢ 
pt ™ a’ x.13¢ 
tt 
ct 
so - +—- « 
OISTORTING MOMENT» 
RESISTING MOMENT, = FIBER STRESS SHEET 
RESISTING MOMENT WELD= x FIBER STRESS IN WELD 


OS 
10 SHEET INCHES 
Fig. 11—Relation Between Sheet Thickness (f) and Relative 
Sheet Width (w) for Full Strength 
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4. BLOWOUT OFF-LINE WELD 


ORIGIN OF FAILURE 
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Fig. 12—0.062 x 12-In. Wide Specimens, 0.06 C Steel 


When the weld size is sufficiently reduced, failure no 
longer occurs by the pulling of a button from the sheet 
and, instead, a shear failure occurs. For very small 
welds, the individual shear strength may decrease rapidly 
with diameter, partially due to the likelihood of ob- 
taining defective welds and partially due to the fact that 
the full shear strength is being developed and the area 
is reducing as the square of the diameter. This is shown 
in Table 2 for 0.108-in. sheets. Equation 1 is therefore 
not applicable to weld diameters much less than three 
times the thickness of the sheet. For thin sheets with 
all values of d/t equal to or greater than 3, the stress 
conditions appear to be in a uniform state of variation 
and the minimum total shear strength for a single weld 
can be approximately déscribed as: 


x 0.78544? (2) 


= 112,300td 
for the welds shown in Fig. 9 in 0.130-in. thicknesses with 
ultimate sheet strengths of 45,000 psi. 

In order to introduce sheet strength into Equation 2, 
it is necessary to find the influence of sheet strength 
upon weld strength. This is briefly done in Fig. 10, 
wherein the data were obtained from the 2-in. wide, 4- 
weld joint specimens shown in Table 3. 

As long as this linear shear strength to sheet strength 
relationship holds, Equation 2 may be modified to: 


_ 112,300tud 
~ 45,000 
For Equations 2 and 3 


S = 2.5d(tu) (3) 


S = shear strength of one weld in pounds, 
d = diameter of weld in inches, 
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single sheet thickness in inches, 

tensile strength of unwelded sheet in psi., 

area of weld ingot in square inches, 

average calculated unit shear stress on weld ingot 
in psi. 
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Further confirmation is the fact that the three thick- 
nesses shown in Fig. 7 were made from sheets of the 
following strengths: 


t, in. Tensile Strength, psi. 
0.038 44,900 
0.082 55,700 
0.130 50,400 


and yet in all cases substantially the same efficiency for a 
given ratio of width to weld diameter was obtained. 
From such data, we conclude that weld shear strength 
is directly related to ultimate sheet strength and that 
spot-weld shear strength without any knowledge of the 
unwelded sheet strength is relatively meaningless. 

This point is illustrated in a different manner in Fig. 3. 
The welds of a given size in the 0.095 in. x 42,300 psi. 
sheets were not as strong as the welds of the same diame- 
ters in the 0.082 in. x 55,700 psi. sheets. This is as ex- 
pected from Equation 3. The thicker sheet had the 
lowest product. 

A poor quality weld in a strong sheet may devélop 
considerable shear strength, yet have definitely inferior 
properties. This is partially illustrated by the sub- 
stantial spread obtained from the 0.130 in. x 50,400 psi. 
sheet in Fig. 3. Each point shown was for a different 
welding condition, some of which were very border line. 


Welds...........8 x 0.68 In..... 7 x 0.88 In. 
Continuity....... 51.3% 
Tensile Eff....... 98.5+%... eed 95.5+ % 
Fig. 13—0.126-In. and 0.255- x 12-In. Wide Specimens, 0.03 
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Whether or not the linear relationship between sheet 
strength and spot-weld ultimate shear strength would 
hold across the upper thickness ranges, as illustrated in 
Fig. 10, has not yet been determined, largely because 
the stronger l»w-carbon steels are not commonly pro- 
duced in the upper thickness ranges. The data in Fig. 11 
for the */s- and */,-in. plates extended up to 66,000 psi. 
tensile strength for the unwelded plates. 

Equation 3 infers that the weld strength is the product 
of a constant, the weld diameter, the sheet thickness 
and the ultimate strength of the sheet, all in the first 
power. Itis avery simple equation but before accepting 
the implied value of the constant, it is necessary to point 
out that in Fig. 9, the calculated average weld shear 
stresses in the thinner sheets were substantially above 
the minimum values and there is some tendency for the 
values to reduce with increased sheet thicknesses. Ac- 
cordingly, additional data were obtained across a wider 
range of thicknesses. 

The value of the ‘‘constant’”’ in Equation 3, which is 
the relative width of the sheet to weld diameter for which 
the full sheet strength is developed, may be expressed 
in the form: 


S 
wis (4) 
for each set of data, and such experimental points were 
plotted in Fig. 11. It is immediately apparent that the 
value w is not a constant but is instead a variable which 
decreases with increased sheet thickness. This decrease 
is probably related to the fact that the unbalanced bend- 
ing moment (= 2St for equal sheet thicknesses) in- 


creases with thickness, whereas the resisting moment 
decreases with thickness since both the W/t and the d/t 


ratios used in practice vary downward with increased 
sheet thicknesses. These data were obtained from 
single weld specimens tested in the umrestrained condj- 
tion, that is, they were free to bend at the edges of the 
welds and this bending was extensive, causing obvious 
stress concentrations at the edges of the weld nuggets. 
The minimum value of w for the low-carbon steels tested, 
as plotted in Fig. 11, can be approximately described by 
the equation: 


w = 3.1 — 2.6.7 (5) 


This expression fixes the location of point C on the 
curve in Fig. 4. The minimum weld shear strength, of 
the quality under discussion, can now be more confi- 
dently described as: 


S = (3.1 — 2.6 /t)tud (6) 


for thicknesses up to and including '/2 in. when deter- 
mined by the use of unrestrained single weld specimens 
of a width of not more than 3.5 diameters. 


Multiple Welds 


Can the immediately preceding relationships for 
single welds be employed in the selection of strength 
values for multiple welds in single rows? 

The value of the expression (3.1 — 2.6+/#) in Equation 
6 carries with it a number of implications: 

(a) A single uniform row of welds spaced at (3.1 — 
2.6./t) diameters will develop the full strength of the 
unwelded sheet, providing the expressed relationship 
holds. 

(6) For symmetry of design, the edge distance of 
the outer welds in such a row should be (1.55 — 1.3/7) 
diameters. 


~NOIS 


Fig. 14—0.368 In. and 0.502- x 12-In. Wide Specimens, 0.21 C Steel 
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Fig. 15—Shear Specimens in '/,-In. 


(c) For combinations involving unequal sheet thick- 
nesses or strengths, or both, the weld strength is deter- 
mined by the strength of the member having the lowest 
strength-thickness product (tu). 

(qd) Welds of uniform diameters spaced closer to- 
gether than (3.1 — 2.6+/#) diameters will develop less 
actual test strength per weld, even though they may 
have the same potential shear strength as individual 
welds. 
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Fig. 16—Relationship Between Weld Continuity and Sirigle- 
Row Joint Efficiency 


SPOT WELDING LOW-CARBON STEEL 


Plates (One Impulse of 60 Cycles) 


(e) Uniformity of weld size and spacing across the 
width of the joint will be important to the over-all 
strength of the joint since each weld could only be ex- 
pected to develop the strength of the immediately ad- 
jacent metal. 

For uniformly spaced, uniform size welds, it 
should be possible to correlate weld continuity (= nd/W), 
and joint efficiency, based upon ultimate tensile strength 
of the unwelded sheet where: 


number of welds, 
width of joint in inches, 
weld diameter in inches, 
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30 40 5c 60 
REQUIRED WELD CONTINUITY (PERCENT) 
Fig. 17—Relation Between Required Joint Efficiency and Weld 


Continuity for Various Thicknesses 
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WELD DIAMETER (iN) 
Fig. 18—Torque Strength of Variable Size Spot Welds 


(g) Upon proof of items (a) to (f), inclusive, a logica] u 
starting point with respect to minimum weld spacings tl 
has been reached as an objective for which necessary \ 


welding schedules might be determined. 

Whether or not this approach could be used was ans- 
wered by making full-scale, multiple-weld joint tests, 
as shown in Fig. 1. 

Twelve-inch wide, spot-welded lap joint test speci- 
mens were made in 0.052-, 0.060-, 0.125-, 0.250-, 0.375-, 
0.438- and 0.525-in. sheets and plates and tested to de- 
struction in static tension. Weld spacings, center-to- 
center, of approximately (3.1 — 2.6,/f) diameters were 
used. Results of some of these tests are shown photo- 
graphically in Figs. 2, 12, 13 and 14. The joint ef- 


-ficiencies shown are the calculated ratios of the break- 


ing load obtained to the calculated breaking strength of 
the gross area of the 12-in. width of unwelded steel, based 
upon its standard test coupon tensile strength. In 
specimens '/, in. and less in thickness, this efficiency ap- 
proached 100% for welds made under proper control. 
For thicker plates (3/3, 7/15and '/:in.), however, such high 
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Fig. 20—Location of Measurements 


WELDING RESEARCH SUPPLEMENT 


50 
4 
| 
.68 In 
15.2% 
1.3% 
0 
708-s OCTOBER 


efficiencies were hot obtained on test specimens made 

up to this time, a matter which is discussed further under 

the headings of “Current Correction” and ‘Material 
Variables.” 


0.015-In. Sheets 1500-Lb. Force 


‘ 

wt, 


Fig. 21__Extreme Sheet Separation (High Pressures on Steeply 
Tapered Tips) 


The average strength per closely spaced weld in the 
joints +/, in. and less in thickness was only about 60% 
of the individual test value as determined from a single 
weld, using a wide specimen. The strength per weld on 
these thinner sheets, however, is as calculated from 
Equation 6, indicating that the low strength per weld 
is the result of the narrow effective width of sheet avail- 
able to provide stiffening support. For the thicker 
plates, the single weld strengths and the average strength 
per weld in the joint more nearly approached the 
same values. 
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RELATIVE WELD size (= d/t) 


Fig. 22—Relation Between Unit Cooling Pressure, Weld Size 
and Weld Porosity for */;.-In. Sheet 


A series of two-weld connections were made for three 
sheet thicknesses with varying center-to-center weld 
spacings and variable edge distances. These tests tend 
to confirm the implications of Equation 6 that closely 
spaced welds with wide edge distances cannot develop 
the same relative joint strength as uniformly spaced 
welds with balanced edge distances. These data are 
shown in Table 4. The major difference in the per- 
formance of the longitudinal and transversely arranged 
pairs of welds was that the axis of the sheet distortion, 
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Fig. 23—Relation Between Sheet Thickness and Specific Unit 
Ingot Cooling Pressure (When d = f) 


DERIVED INGOT COOLING PRESSURE (x) IN 1000P.SJ. 


709-s 


a 
+ A 
at 
4 
iy 4 4 \ 
+ + > ; 4 A 
A \ 
| | 
| ed 
? 


under high-test loads, coincided with the axis of the 
weld center lines. In all of these specimens, a special 
effort was made to produce both welds of the same di- 
ameter. 

The influence of nonuniform weld size across the width 
of the joint is shown in Fig. 15 for '/,-in. plates in 5-in. 
wide specimens. These results pointedly illustrate the 
need for uniformity of weld size in strength joints and 
the use of adequate schedules for the production of that 
desired uniformity. The difference between the intoler- 
ably poor results shown in Fig. 15 and the excellent re- 
sults depicted by Fig. 13 was the choice of initial weld- 
ing schedules and not consistency or inconsistency of 
electrical-mechanical equipment performance. 

Experimental relations between weld continuity and 
joint efficiency are shown graphically in Fig. 16 for sheets 
0.130 in. and less in thickness. Some data for '/,-in. x 
0.25 carbon steel are also shown on the same graph. 
Using the relationship depicted by Equation 6, the cal- 
culated required weld continuity for various joint effi- 
ciencies is shown in Fig. 17 for the lower carbon steels 
with varying thicknesses of sheet. 

The net result of all the multiple weld data accumu- 
lated is that the average strengths of individual welds of 
adequate uniform spacings and sizes are covered by Equa- 
tion 6, but the strength per weld within a simple joint is 
less than that of a single weld when tested in a specimen 
which is of considerable width. This simply reflects the 
results of commonly using an unrealistically wide test 
specimen. For example, one cannot expect to use a 
11/3in. wide specimen for determining the properties of 
single welds in 0.062-in. sheets and then apply those 


strength values to a spacing of 1-in. centers within the 
row. 


Spot-Weld Sizes 


As illustrated in Fig. 9 and Table 2, a value of d = 3 
appears to be a desirable minimum size because this re- 
lationship provides the condition of developing a high 
unit stress at failure without exhibiting erratic weak- 
nesses. 

In Equation 3 the shear strength was shown to increase 
linearly with diameter, and it can be shown, Fig. 15, 
that the individual weld torque strength commonly in- 
creases with the third power of the weld diameter. 
Therefore, if strength alone is the objective, larger welds 
may be used. High individual spot-weld strength must 
not be confused with ‘“‘quality.’’ Unless the S/tud ratio 
is exceptionally high when using an appropriate width of 
test specimen, they are not the same, and, unless the 
high strength was obtained from the use of high-strength 
sheets, as in Fig. 10, or unduly wide specimens, a so- 
called high quality weld may merely reflect the use of 
heavy equipment or the use of large welds containing 
extensive porosity. 

The two joints in Fig. 12 were made with substan- 
tially different equipment and involved the making of 
different numbers of welds, but the same total joint 
strength was obtained. -The strengths of the individual 
welds are different; ail were high-quality welds except as 
noted. The first specimen was made with 1500 lb. 
force and 16,000 amp. and involved the making of 15 
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Fig. 24—Sections of Welds Made with 3000 Lb. Force 
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welds per foot. 
4300 Ib. tip force during welding and 41,000 amp. and 


The second specimen was made with 


employed 10 welds per foot. In this particular instance, 
for the same total effective joint strength, an increase of 
only 33% in over-all welding speed in feet per minute 
was attained at the expense of a 187% increase in ap- 
plied force, a 156% increase in secondary current and 
an increase in required overlap distance of from 0.8 to 
1.2 in. These two specimens show the general desir- 
ability of using the lowest possible force-current combi- 
nation which will provide satisfactory results, using as 
many welds as are necessary to obtain the desired total 
strength and paying somewhat less attention to high 
individual weld strengths provided all are up to or above 
the minimum requirements. Figure 19 shows similar 
results for '/s-in. sheets. Both pairs of results tend to 
confirm the data in Fig. 17, in so far as the weld con- 
tinuity being the important factor in producing joint 
strength once uniform welds of adequate size have been 
provided. 

Thus, with the full realization of the fact that higher 
individual shear and torque strengths will be obtained 
by using larger welds, the weld size of d = 3¢ is proposéd 
as a good working minimum for sheets 0.03 in. and 
thicker. For thinner sheets, a 0.09-in. minimum diame- 
ter appears to be practical. This minima may vary 
with the user’s requirements. Larger sizes may often 
be used advantageously when the necessary force-elec- 
trode-current-time facilities are available. Such welds 
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Fig. 25—Sections of Welds with 4200-Lb. Weld and 8500 Lb. Cooling Force 


are stronger in both shear and torque and are particularly 
advantageous when used alone. 

An opposite factor arises on the thicker plates. If 
equipment or power capacities are limited, it may be 
necessary to reduce the weld size down to about a two-to- 
one ratio. With such small welds, the spacing for high 
joint or connection strengths becomes very close, thus 
increasing the welding difficulties or else very large heavy 
overlaps are required to accommodate the making of 
several rows of welds, making the spot-welding process 
impractical." For example, a size relation of d = V/t 
has been suggested for use. Such a relation provides 
welds which are very small in the thicker plates (0.50 in. 
for 0.25-in. plates and 0.71 in. for 0.50-in. plates). 


Spot-Weld Spacings 


From Equation 6, spot-weld spacings need never be 
less than (3.1 — 2.6,/2) for the development of full or at 
least very high strengths. The relationships shown in 
Figs. 16 and 17 for consistently uniform diameter welds 
provides the clue to required spacings for single-row 
welds as: 


100(3.1 — 
( Vt) (7) 


C= 


7l1l-s 


~ 
_ 
- 
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Welding 


Order of 


where 


C = center-to-center spacing in 
inches, 

t = sheet thickness in inches, 

d = weld diameter in inches, 

= tensile sheet efficiency re- 
quired in per cent. 


In practice, for the thinner sheets, 
closer spacings may be required to 
reduce interweld buckling. The usc 
of single-row welds is not being ad 
vocated;. this simply provides the 
most difficult conditions and welding 
schedules were obtained for those 
conditions. Once this was accom- 
plished, providing welds for all other 
spacings became simple. 

Spot-weld spacing is of basic im- 
portance to the final performance of 
the joint, connection or structure, 
to the selection of the production 
schedule and to the economics of 
the process, yet this is the one vari- 
able which is commonly’ given the 
least attention. For both ease of 
welding and production economy, the 
spacings should be as wide as possible. 
When close spacings are required for 
the production of high strengths, the 
schedules can and must be adjusted 
to suit the specific requirements. 
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Lin a! ermengy minimum quality weld has been selected as one which 
| = TAN* = 0333 

| meets the following: 

7 (a) Shear strength, lb. minimum—(3.1 — 2.6+/f)tud. 
(6) Diameter, minimum—3/ but never less than 0.09 

in. 
(c) Indentation, maximum—.05¢. 
(d) Surface upset, maximum—.05t. 


INGOT QIAMETER 
d+ 3t) 


These values, together with their location of measure- 
ment, are illustrated in Fig. 20. When surface appear- 
ance is important, items (c) and (d) apply to one side 
only, the opposite side being substantially flat. The 5% 
values given for indentation and surface upset are arbi- 
trary selections and were readily obtained. The use of 
these limits are based upon appearance factors. 


Spot-Welded Joint Quality 


- _ The performance of the spot-welded joint or connec- 

INGOT Cuma TER tion must be up to the preset expectations of the de- 

B- TRUNCATED CONE TIPS signer, fabricator and the ultimate consumer. Figure 15 

emphasizes the fact that weld spacing and uniformity of 

r > weld diameter are potent variables, even for single rows 

of welds. A high-quality joint may be defined as one in 

which no individual weld falls below the minima given 

for the individual weld values plus the requirement that 

sheet separation, measured midway between two adja- 

cent welds, is not more than 5%, as shown in Fig. 20. 

This is also an arbitrary selection based upon appear- 

ance factors and was readily obtained. The specific 

joint strength might be either high or low, depending 

upon the design requirements. Under these definitions, 

4 the joints in Figs. 2 and 20 are high-quality joints; 

SO or those in Figs. 15 and 21 are poor quality. 


C-DOME OR SPHERICAL TIPS 
Fig. 29—Tip Shape Details 
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strength is obviously w/2, as shown in Fig. 20. The 
tendency toward overheating becomes more pronounced, 
and hence the tendency toward expulsion increases, as 
the edge distance is decreased. Therefore, in the mak- 
ing of the 12-in. wide specimens, the choice was made to 
use w/2 as the optimum and minimum edge distance 
with the edge distance never being less than one weld 
diameter. The required overlap is thus prefixed as 
either 2 X w/2 = w or 2d, whichever is the larger. An 
increase in the values of at least 259% was found to be 
desirable when the highest total strengths were not re- 
quired. 

Since the specific values of w are related to both weld 
diameter and sheet thickness, it is apparent that for 
smaller welds a lesser edge distance can be used while for 
larger welds, larger edge distances must be used. This 
was illustrated in Fig. 12. These interrelated factors of 
design and production are important and call for close 
cooperation between the design and production depart- 
ments in order that spot welding may be used to its fullest 
advantage. 


| EQUIV. RADIUS 

T SPHERICAL TIP 
| 


(2) 


oO 


(2) 


SOUNDNESS 
MAX. JACCEPTABLE 
FORGE FORGE 

N ONE] 10¢ % NONE | 100 % 
— 7 a 


CALCULATED FACE ANGLE —&— DEGREES 
EQUIVALENT SPHERICAL RADIUS (INCHE S) 


Spot-Weld Quality 


| 


| $0 far as shear strength is concerned, a “5756 
quality weld, in effect, has been defined. In practice, SINGLE SHEET THICKNESS-—t— INCHES 
there are several other criteria which sometimes must 


Fig. 30—Relationship Betw Calculated Tip F Angl 
also be met. While these will differ for different uses and phe Sheet Thickness (lor d = 3t: > “ 20,000 psi: Indenta. 
production requirements, for the present purposes, a tion, 5%) 
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Part II—Single Impulse Schedules 


The problem of producing spot-welded joints having 
the desired characteristics for the more commonly used 
strength-analysis-thickness ranges led to the establish- 
ment of the schedules tabulated in Table 5. 


Welding Force 


The selection of the proper welding force is placed first 
because once that value is fixed, the possible sheet thick- 
ness limits, the electrode size and shape and the neces- 


sary current squared-time product for a given weld, 


soundness-size relationship are fairly well prescribed. 
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Fig. 31—Electrode Tip '/-x 12-In. Wide Test 
es 
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WELDING FORCE — 1000 LB6. 


Fig. 32—Relation Between Welding Force and Secondary 
Current (for Time-Thickness-Tip Shape Combination Used) 


The specific magnitude of the force required for any 
condition was determined from weld size-soundness 
studies for various thicknesses. The steels used for 
.these studies ranged from 42,000 to 56,000 psi. in tensile 
strength. For the production of sound welds (those sub- 
stantially free of porosity), it was found that sufficient 
pressure (pounds per square inch), must be developed 
on the weld area during the cooling period to counter- 
act the inherent tendency of gas pockets and shrinkage 
voids to form in the molten or near-molten steel ingot as 
it is solidified or recrystallized. Cooling pressures used 
on the many weld ingot diameters made were plotted 
as ordinates and the relative weld sizes with respect to 
sheet thickness were plotted as abscissas for each sheet 
thickness, as shown in Fig. 22. Sound welds are desig- 
nated by solid circles. Welds containing voids of any 
detectable kind are designated by open circles. The 
curves which approximately divided the solid dots from 
the open circles, for the various sheet thicknesses tested, 
may be conveniently described as being of the form: 


x tx 
where 
f = unit cooling pressure on weld ingot in psi., 
d = diameter of weld ingot in inches, 
t = single sheet thickness in inches, 
x = a derived value for each thickness. 


An inspection of the various charts indicated that 
there is a definite downward trend in the required unit 
pressures to produce sound welds as the weld size in- 
creases for a specific thickness and also as the sheet thick- 
ness increases. The exact location of the various,curves 
was established by first approximating their locations 
from the points, as shown in Fig. 22, and, calling x the 
value of pressure required for sound welds for the case 
where d = #, the value of x was plotted against ¢ as 
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Order of 
- Welding 


In these equations F is the total elec. 
trode cooling force in pounds required 


ORIGIN OF FAILURE 


to cause the weld of diameter, d, to 
solidify. without appreciable intern.| 
porosity for the sheet thickness, ¢, and 
A is the area of the weld ingot in square 
inches. 

When d = 3t, the equivalent rela- 
tionship becomes: 


F = 31,8000? (1 + 1/+/f) (12) 


The specific reason for the apparent 
lesser required unit cooling pressures 
on the thicker plates is not offered. 
One possible explanation may be that 
the force required is related to both 
the contact area of the weld and the 
peripheral area surrounding the weld. 
On the thicker plates, the sheet separa- 
tion is possibly sufficiently large to 
permit the full force to be applied in 
compressing the weld ingot while on 
the thinner sheets much of the force 
may be borne by the surrounding cylin- 
der or corona of contacting metal 

The relationships, as shown in Fig. 
22, were established from an examina- 
tion of both etched sections and X-ray 

. data. It was found by this means 
that welds which appear to be porosity 
free on the basis of the etched center 
line section sometimes contained a 
number of voids visible on accurately 
prepared X-ray film. 

The calculated electrode force re- 
quired to produce porosity-free, 1.5-in. 

diameter welds on '/2-in. plates, from 
Equation 11, is 19,200lb. Most of the 
welds made in the '/:-in. plates had 
good static physical properties, in spite 
of the presence of the small voids which 


TO TRANSFORMER 


__ 80.8 existed, and since the maximum avail- 


able electrode force at the time was 


Fig. 33—0.126- x 12-In. Wide, 0.03 C Steel Specimens Without Current Compensa- only 9400 lb., an arbitrary com- 


tion, 1500 Lb. Force, 60 Cycles, 16,000 Amp. Inside Weld 


shown in Fig. 23 and the final individual curves were 
then drawn from the resulting smoothed-out inter-rela- 
tionships. All of the curves, as-illustrated by Fig. 22, 
must be thought of as bands since it is not likely that 
a sharp line of demarcation should exist. The deter- 
mination of the mathematical relationships established, 
even though they are only approximate, enables us to 
discuss required total weld forces in specific terms. 
Thus, the equation 


1 
x= 13,500( + A) (9) | 
conveniently fits the thickness range tested with the 
same degree of accuracy as the graphical approxima- 
tions shown and from this, the total required cooling 


force can be described for approximately porosity free 
welds as: 


Fe = 0.7854(td)(x) (10) 


and therefore, 


1 
F= 10,600( 1 + td (11) 


promise was selected with an indicated 
required force of 9600 Ib, for '/,-in. 
plates. This is only 50% of the indicated required 
force for welds wholly free of porosity, but it is also 13.0% 
above the values actually used with these results for a 
0.14 C x 56,500 psi. steel: 


57,000 
Direct tension strength, Ib........... 33,800 
Ratio: Tension strength/Shear 

Torque strength, in.-Ib.............. 42,250 


If it becomes necessary to produce welds wholly free of 
porosity, it apparently becomes necessary to either make 
smaller and weaker welds with high unit pressures or to 
use much higher total force-current systems, or both. 
Whether or not the improvement in results obtained is 
worth the effort remains to be demonstrated. Also how 
much, if any, the unit pressures would have to be modi- 
fied for the production of porosity-free welds in stronger, 
cold-rolled low-carbon steels is a matter for future in- 
vestigations. 

Since the total cooling force was found to be related to 
final weld ingot diameter, it is axiomatic that any varia- 
tion in welding conditions which results in the produc- 
tion of larger than normal welds will, for a fixed force 
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Fig. 35—Nonuniform Weld Sizes in 0.25- x 12-In. Wide Specimens of Ingot Iron 
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setup, cause more than the usual 
amount of weld porosity. For all the 
joints examined where the first weld 
was made with the same heat inputs 
as the succeeding welds, there was 
noticeably more porosity in the first 
weld, because the diameter was larger. 
This, in turn, was a natural result of 
the absence of shunting losses. Also, 
for those comparative tests involving 
deliberate changés.in welding heats, 
the higher heat constant force welds 
contained the most porosity, at least 
partially because the weld diameters 
again were larger. In practice, this 
often explains why welds on one side of 
a part made with any fixed setup 
may be sound and the welds on the 
opposite side may all contain porosity. 
The reason is that the welds made with 
little metal in the throat of the ma- 
chine were on the hot side and those 
welds are larger while the welds made 
with the full width of the part inside 
the throat of the machine are less hot 
and the diameters are smaller. 

Some of the joint sections from 
which the preceding data were taken 
are shown in Figs. 24 and 25. 

The data for the soundness studies 
were based upon both forged and un- 
forged welds—the most significant 
factor apparently being the magni- 
tude of the cooling pressure. When- 
ever a forging force was used in the 
tests, the additional force was applied 
as close to the current termination 
point as practical. 

If sufficient force is not employed 
during welding (heatmg period), it be- 
comes impossible to pass the desired 
current through the parts, as shown 
for the first welds in Fig. 14. The 
use of too low welding forces will also 
often result in excessive surface heat- 
ing, as shown in Fig. 26. The two 
/s- x 12-in. wide specimens of ingot 
iron in that figure were made with and 
without a forge force. Appropriate 
corrections were made in secondary 
currents and electrode shapes. Al- 
most identical test results were ob- 
tained. The low welding force and 
forged welds showed the maximum 
signs of surface overheating in the 
region adjacent to the prior welds. 
For more widely spaced welds these 
undesirable surface phenomena dis 
appear. For example, in the first weld 
in each of the joints in Fig. 26, there 
was no detectable differences in the 
surface appearance. 

We conclude, therefore, that there 
is an ideal force for each sheet thick- 
ness and strength and weld size rela- 
tion, that good welds can be made with 
at least 50% lesser applications of final 
force but that if too low welding forces 
are employed, there will be difficulties 
in surface overheating and internal 
expulsion, the former being most 
serious for closely spaced welds. Vari- 
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Fig. 36—Weld Time-Current-Diameter Relationship for 0.181-In. 
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4 


ous relationships for force and thickness are shown in 
Fig. 27 for weld sizes of three sheet thicknesses in 
diameter. 

For practical shop reasons, a preselection of the weld 
force so that the initial contact tip face pressure is on the 
order of 20,000 psi., or more, appears to be desirable, 4s 
illustrated in Fig. 28, because sheet surfaces do not re. 
main clean, even though they may be produced in tha; 
condition. The use of these higher initial pressure, 
tends toward the elimination of initial weld expulsion 
and serves somewhat toward correcting for materia! 
irregularities. 

The manner in which the use of dynamic pressure 
values would alter these conclusion is a matter for further 
studies. 


Electrode Size and Shape 


Inspection of spot welded parts sometimes reveals 
the presence of welds having unsightly indentation 
and sheet separations. To largely avoid these condi- 
tions a specially designed electrode tip was used. With 
a minimum desired weld size of three times the sheet 
thickness and with weld indentation restricted to 5%, 
the theoretically desirable tip shape would be a two- 
degree cone regardless of sheet thickness. The deri- 
vation of this relationship is shown in Sketch A, Fig. 
29. The use of such a tip would produce an initial 
infinite pressure on the contacting end. Such a tip will 
not stand up in service and, therefore, the compromise 
with a flattened end such that the initial unit pressure 
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Fig. 37—Growth of Spot Weld with Time (One Flat Tip Used) 
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was 20,000 psi. was used. The exact end diameter for 
any welding force thus becomes, from simple geometrical 
relationship: 


e = 0.00796°/P (13) 


where 


e = flat end diameter in inches, 
P = initial electrode welding force in pounds. 


This initial end diameter controls the weld size on the 
thin sheets, but in the thicker ones it merely serves to 
concentrate the pressure and current densities at the be- 
ginning of the weld period. This is an ideal relation 
since a high pressure-current density is required on the 
thin sheets and also at the beginning of the weld period 
on thicker sheets when the initial contact resistance is at 
a maximum. During the welding interval each tip 
seats itself into the outer surface of the outer sheet until 
at the conclusion of a properly balanced force-current- 
time combination, with a properly designed tip, the 
outer contact diameter is substantially the same as the 
weld ingot diameter. This relation does not necessarily 
exist, and it is not possible to tell from exterior appear- 
ance what the weld size is or even whether or not a weld 
has been formed. This was illustrated in Fig. 15. 

For any other desired initial contacting pressure, the 
tip end diameter would become: 


e = 1.128-~/P/p (14) 
where 


P = total initial tip force in pounds, 
p = unit initial contacting pressure desired. 


The use of the 20,000-psi. minimum unit pressure as- 
sures that a near uniform condition of surface resistance 
has been reached on fairly undesirable surfaces before 
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Fig. 38—Influence of Time and Current on Weld in '/,-In. Plates; 5200 Lb. Weld Force,’8500 Lb. Cool Force 
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the application of the welding current, particularly 
when the larger tip ends are used, and this provides a 
schedule which is less sensitive to variations in sheet 
surface condition, a commercially desirable factor. 

When using a flattened end tip, it becomes neces- 
sary to increase the face taper over the ideal two de- 
grees as shown in Sketch B, Fig. 29. From the desired 
weld size and the determined contact end diameter, the 
face taper angle a is obtained by the simple geometrical 
calculations: 


0.05t 

When D = d = 3t and p = 20,000 psi., the angle a be- 
comes: 


0.108 
D—-e 


tana = 


(15) 


0.108 t 

— 0.00796*/ P 30t — P 
(16) 


Substituting from Equation 12, for a single force sys- 
tem and simplifying terms: 


a = tan~ 


— 


a = 


30 — 14.24/1 + 

Equation 17 is applicable only for the specific condition 
of a 20,000-psi. initial pressure and a single force system 
of sufficient magnitude to produce sound welds. For 
production quality welds Fig. 27 the value 14.2 reduces 
to 7.1 and the calculated angle for a single force system 
varies only from 3 to 5° for sheets 0.03 in. and thicker. 
For any other desired initial pressure, the calculated 
angle for d = 3t becomes: 
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The graphical relationship between the angle of taper 
and the sheet thickness for a 20,000-psi. initial pressure is 
shown in Fig. 30. The upper curve in that figure is prob- 
ably related to the history of the steeply tapered tips 
in common use for thin sheets, since welds on thin sheets 
are made with single force systems and a general prac- 
tice of using about a 15,000-psi. pressure is followed. 
A better solution for the thin sheets appears to be the 
use of higher initial pressures and lower angles of taper. 
High forces on thin, soft sheets with steeply tapered tips 
tend to produce excessive sheet separation, as shown in 
Fig. 21. By using a 5° maximum taper on the thinner 
sheets with the highest necessary unit pressures, little 
indentation or sheei separation was obtained. The low 
angle truncated cone shape described is readily produced 
in the shop. It retains the advantages of the dome tip 
without having the disadvantage of difficult machining 
operations. In addition, such a tip shape largely acts 
as a restraining clamp instead of as a deforming punch, a 
condition much to be desired. 

The body diameters used were prorated between the 
extremes of a */s-in. minimum diameter for the thinner 
sheets with the low force-current setups to the 2.5-in. 
diameter which was satisfactorily used on the '/>-in. 
plates with the high force-current setups. The 2.5-in. 
diameter Cupaloy tips used on the heavy plates are 
shown after a test run in Fig. 31. These sizes appeared 
satisfactory for absorbing the heat within the plate, pro- 
vided a sufficiently large volume of cooling water was 
used. Low volumes of water resulted in a distinct heat- 
ing up of the tips. 

The larger body diameter in combination with the 
low-face taper serves as a radial restraint which tends to 
prevetit early expansion of the tip ends and, in addition, 
acts as a deterrent against excessive weld indentation. 


(18) 


It also provides a substantial volume of high-conductiy- 
ity metal to act as a thermal reservoir during the weld- 
ing operation. A large electrode body diameter in jt- 
self can act as a limiting factor in the possible applica- 
tion range since it becomes impossible to make a weld 
close to a flange with a large symmetrical electrode. 

The calculated equivalent spherical radius is shown in 
Figs. 29 and 30 for purposes of comparison although no 
welds were made with the spherical tips. The deriva- 
tion of this value (R = 21.5t) is explained in Sketch C, 
Fig. 29. 

In practice the tip size and shape are ot *™ critical, 
and the sare electrode can be used over © © 111. of thick- 
nesses, depending somewhat upon the welding conditions 
being used and the surface condition of the sheets. 


Secondary Current 


The actual currents used for various setups on differ- 
ent thicknesses are plotted against force in Fig. 32. 
These values of current are for the specific force-elec- 
trode-time-thickness combinations used and would be 
expected to vary for any significant changes involved. 
The curves, Fig. 32, illustrate to a certain extent why the 
use of forging pressures or the general use of lesser weld- 
ing forces permits the use of lesser secondary currents. 

The welding force, P, vs. minimum secondary current, 
I, relationship shown in Fig. 32 for the applicable thick- 
nesses may be described for the force-tip-time combina- 
tion used as: 


I = V137,000VP + 13,880P + 2850 Aas 
19 
The current squared value required appears to vary 


as the diameter, the area and the volume of metal under 
the electrode, and not simply as the electrode contact 


area, since in Equation 19, 1/P = 125.5e, where e is the 
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the necessity for such time-consum- 
ing manipulation of the parts. 
The outer edge weld in a joint is 
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thus shown to be particularly critical 
. and if such welds are weak as the re- 
sult of either shunting losses or cur- 
rent losses due to maximum metal in 
5 | the throat or a combination of these 
factors, substantially lesser total joint 
strengths will result, or in practice a 
|  4dess than desired factor of safety will 
| | exist. It is difficult to obtain this 
| uniformity in either the shop or the 
laboratory by manual operation of 
290 ordinary controls. Dependable cur- 
| rentregulators which are self- compen- 
sating for variations in the amount 
of metal within the throat of the 


machine are therefore desirable for 
use on strength joints. 

Two 8-weld specimens in '/,-in. iron 
are shown in Fig. 35 wherein harden- 
ing was not a factor. In Specimen 
1, the number 3 weld was made at 
one-half time with a resulting small 


1500 14600 diameter and the total joint effi- 


ciency of 80.2% instead of the antici- 
pated 100% was obtained. Failure 
started in the faulty small weld and 
290 progressed outwardly. In Specimen 
2, inadequate manually controlled 
current compensation for the number 
2, 3 and 4 welds as the metal was fed 


Fig. 40—Influence of Extreme Cool Times, 0.095-In. Sheets 


end diameter. An operating value of 1.10 times the 
minimum current value can ordinarily be used without 
difficulties. It is simply a matter of permissible varia- 
tions in weld size, internal porosity and surface appear- 
ance. 

Phase shifting heat controls were used throughout this 
investigation. 


Current Regulation 


The importance of current regulation was demon- 
strated in making the study of the 12-in. welded joints. 
As more metal was passed into the throat, the heat con- 
trol was adjusted upwards to approximately offset the 
influence of metal in the throat. 

Results obtained when no corrections were made for this 
factor are shown in Fig.33. The outside welds 6 and 10 in 
the two views were made with full metal in the throat 
plus the additional factor of the shunting effect of one 
weld spacing. No compensation was made for loss of 
current. The failures started in these edge welds at re- 
duced loads. This is a less serious version of the phe- 
nomenon obtained in Fig. 15, wherein it was shown that 
the total strength of two welds, one of which was badly 
made, was actually less than that of one good weld. 
These factors are important from the viewpoint of the 
application of the spot-welding process. 

Repeat 12-in. specimens made in the '/;-in. sheet with 
the same welding setup, but using a symmetrical order 
about the center line obtained by rotation of the speci- 
men, resulted in higher strength joints both with and 
without current compensation, as shown in Fig. 34. 
The use of automatic current regulators would remove 
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into the throat caused these welds to 
be undersized and the joint efficiency 
was reduced to only 57.3%. In both 
specimens, both outer welds were 
above the minimum required size. 
Again the conclusion is inescapable; for high joint 
strengths the welds must be uniform in size. The im- 
portance of symmetry and uniformity of weld quality 
is thus believed to be established. 
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Equal Thicknesses) 
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Welding Time 


The relation between welding time and sheet thick- 
ness selected for two equal thicknesses with closely spaced 
welds was: 


N = 200¢ + 14400? + 576008 (20) 


= number of cycles of 60 cycle a. c., 
t = sheet thickness in inches. . 


These values were, in some cases, reduced one-half 
with an increase of 41% in secondary current. As an 
illustration, the welds shown in Fig. 36 were made at 
- 1.70in. centers with 1500 Ib. force and 0.25-in. x 3° x 1-in. 
diameter tips between two 3/;.-in. sheets. Varying time- 
current conditions were used as shown. The time-cur- 
rent curves for equal diameters were drawn in to suit 
the data, but they closely approximate the condition of a 
constant diameter being obtained with a constant J?NV 
product. In this graph, all first welds made were dis- 
carded. The data are only for the following welds in the 
joint. The making of multiple welds thus follows the 
same law as the making of single welds, but the magni- 
tude of the J*N product must be higher for production of 
welds of equal diameters. With the 1.70-in. spacing, 
there is a tendency toward surface melting for the high- 
current welds. With this force-thickness combination, 
the operating range for 1500 lb. of force is so narrow for 
making welds of d = 3¢ that it is classed outside of the 
applicable range with */\,-in. sheets. 


Standard single impulse timer controls do not always 
permit the use of welding times as was often found desir. 
able in these investigations. However, controls which 
permit the use of such longer time ranges are and have 
been available. By employing adequate lengths of 
weld time, the making of closely spaced welds with the 
ideal force-electrode-current-thickness combination be- 
comes a simple matter without the necessity for using 
excessively high forces or secondary currents. 

For the experimental results described, the continu- 
ous weld times were obtained in any predetermined 
lengths desired by laboratory methods. Regardless of 
the length of time used, it was a continuous time. 

In contrast with the commonly held concept that 
spot welds must be made in a small fraction of a second, 
some of the times employed in this investigation appear 
to be unduly long. They are actually shorter than those 
commonly used for pulsation welding. 

The weld sections all show that the largest weld in any 
one group is the first one made, unless special adjust- 
ments were made. Both the macrographs and the X- 
ray examination also showed that this weld usually con- 
tained more porosity, a relation that would be expected 
from the discussion of weld porosity vs. size-pressure re- 
lationships. Furthermore, the use of the welding time 
described by Equation 20 on the first weld, when using 
the minimum currents which must be used for succes- 
sive welds in the joints, often resulted in the expulsion of 
molten metal from the weld or surface overheating, as 
shown in Fig. 14. With the tip design used expulsion 
generally occurs, not at the beginning of the weld period, 


Fig. 42—Comparison of Single Impulse and Pulsation Welds; Other Conditions Identical 
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but instead toward the final phase of the current ‘‘on” 
time. A suitable procedure is thus to use a reduced time 
interval for the first and other widely spaced welds. 

Based upon the strength data for single welds, it was 
determined that an individual or first weld could be suit- 
ably made with two-thirds the time required for. mini- 
mum spaced welds which provided maximum’ joint 
strength, as described by Equation 20, and the welding 
times recommended are accordingly given on this double 
basis across the thickness range. On the other hand, 
the fact that the welds could be made without any re- 
duction in time indicates that this is not essential. Fig- 
ure 37 shows that the tip design used permits of very long 
time applications without appreciable changes in either 
indentation or sheet separation, and yet no weld expul- 
sion was obtained. 

The welds shown in Fig. 24 and 25 were made with 
four spacing and shunting conditions: 


(a) No. 1 weld made with no shunting effects. 

(b) No. 2 weld made with shunting resulting from 
single center-to-center spacing. 

(c) Weld on opposite end from No. 1 made with 
shunting resulting from double the illustrated 
center-to-center spacing. 

(d) Last weld made as a closing weld with double 
shunting from adjacent welds at the single 
center-to-center spacing. 


Figure 38 shows sections of three joints in '/2-in. plates 
made with short time-low current, long time-low cur- 
rent and long time-high current combinations. Satis- 
factory welds can be made only by properly balancing 
the time and current values. 

The 12-in. wide specimens for tensile tests were not 
made until it had been demonstrated from the sections 
that the desired minimum weld sizes could be obtained. 
Thelower’/s-in. thick specimen in Fig. 39 was deliberately 
made with a lesser than normal weld time and this 
specimen failed at a 23% lesser strength in spite of and 
partially because of the fact that six welds were used in- 
stead of the five used in the companion specimen. With 
the closer spacings, the shunting losses were more severe. 
Both specimens were welded with the same procedure, 
that is, with current compensation for losses due to vary- 
ing amounts of metal in the throat and the specimens 
were rotated after each odd-numbered weld, but no al- 
lowance was made for the more severe shunting losses. 
Figure 38 shows pictorially why such low strengths could 
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be expected for serious deviations of time on the low side. 
The evidence appears plain that closely spaced welds 
in the thicker plates cannot be made unless adequate 
times are used. 

It is ordinarily considered to be poor practice to make 
a spot weld between two prior welds. However, in pro- 
duction this sometimes becomes necessary. The de- 
veloped schedules were provided to take care of this 
difficult condition with fairly satisfactory results as 
shown in Fig. 24 instead of producing the undesirable re- 
sults shown in Fig. 15. A weld spacing or sequence 
which is suitable for use with one schedule may be, and 
often is, wholly inadequate for another. 

This illustrates six points of economic importance: 


(a) Closely spaced welds mean more welds per unit 
length of joint. 

(6) Closely spaced welds require more time per weld 
to compensate adequately for shunting losses. 

(c) Closely spaced welds made without adequate ad- 
justments for shunting losses are weak and unsatisfac- 
tory. 

(d) The first two items are partially multiplying 
factors and therefore it is desirable that no more welds 
be made than are required by the design loads. 

(e) To assure that the maximum advantage be taken 
of this economic feature, it is essential that all welds 
made be above suspicion as regards to quality. It is of 
little comfort to produce an initially cheap individual 
weld and an expensive, or worse, an unreliable, welded 
joint or connection. 

(f) The data indicate why multiple rows of more 
widely spaced short time welds may be both more eco- 
nomical and satisfactory than the production of single 
row, Closely spaced welds where space limits permit. 
There is the added advantage of reduced angle of bend- 
ing of the lap joint. 
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Fig. 45—-Relation Between Sheet Thickness and Shear Strength 
Developed per Cycle of Weld Time Interval (Various Schedules) 


Cool Time 


It was shown that weld porosity is related to the unit 
cooling pressure on the weld. For the soundness data pre- 
sented, the cooling pressures were maintained on the welds 
for such an extended time after the termination of the 
current flow that the matter of cool time variations could 
not enter into the problem. Figure 40 shows the result 
obtained from variable cool times. These sections dem- 
onstrate that extended cool times will not eliminate weld 
porosity if inadequate pressures were originally em- 
ployed and, on the other hand, adequate pressures pre- 
maturely released will result in porous and defective 
welds. When an immediate release of pressure is used, 
the metal within the weld ingot is still in the molten or 
near molten state and, upon cooling, the center voids 
are formed in the same manner as pipe is formed in the 
solidification of the steel ingots in the original open-hearth 
manufacturing process. The full pressure must be 
maintained at least until after the complete solidification 
of the weld ingot if porosity is to be prevented. In the 
thicker plates, the weld center is surrounded by highly 
heated steel and the process of heat extraction from the 
weld requires time, particularly in view of the fact that 
the liquid-cooled tips are also at a more substantial dis- 
tance from the weld center. 

The X-ray studies distinguish between long and short 
cool times much more clearly than do the weld sections. 

All of the 12-in. wide specimens were made with the 
hold times controlled so that they were equal to the weld 
times used. After this interval, the weld surfaces re- 
mained black as contrasted to the observation that earlier 
releases of pressure resulted in the initially black surface 
again becoming a bright red an instant after removal of 
the tip, an indication that the weld interior was still at 
some elevated temperature. 

The specific length of cool time required is related 
to the weld spacing and sequence with the resulting heat 
build-up in the plates, the elapsed time between succes- 
sive welds, the actual weld time and the effectiveness of 
electrode cooling employed, and it is therefore not pos- 
sible to give a precise, generally usable time for each 
condition. 

This matter of the necessity for heat extraction is 
commonly overlooked in published welding standards, 


possibly because limited amounts of weld porosity ha\. 
little detectable affect upon static shear strengths. 


Part IlI—-Pulsation Welding Schedules 


It is a common statement that when using pulsation 
welding, lesser pressures and currents can be used. This 
is true as the two practices are usually carried out but 
what is really meant, although not said, is that when 
using longer welding times, lesser currents and pressures 
can be used. The comparison between the welding 
times used in this investigation, which will probably be 
classified as “long times,’’ and the actual weld-time inter- 
val (total ‘‘on’’ plus “off” times) for the 1946 A.W.S. 
tentative standard pulsation welding schedules is shown 
in Fig. 41. By comparison, the single impulse times used 
in this investigation are actually considerably less than 
those used in the pulsation standards. 

No complete schedule check tests for the pulsation 
method are included in this paper, but some compara- 
tive sections of about equal total times are shown in Fig. 
42. These few tests only indicate the similarity of the 
two methods when based upon equal total time inter- 
vals. An advantage in favor of the pulsation method 
is the fact that a somewhat lesser maximum exterior 
surface temperature is reached because there is some 
chance for this temperature to be reduced during each 
“off” time interval. Both processes, properly applied, 
provide excellent results. 

In either case the use of a longer time interval on the 
thicker members permits a slower build-up and a better 
distribution of the heat. For example, with a 60-cycle 
time range limit it is difficult to make a high-quality, 
single-row joint between two pieces of '/,-in. plate. 

From Table 5, spot welding of sheets about 0.085 in. 
and thicker, when closely spaced welds are required, 
calls for the use of either pulsation welding or the use of 
single-impulse controls having more than a 30-cycle time 
range. 
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Part IV—Discussion of Welding Schedules 


Upon acceptance of the demonstrations that sound- 
ness of the spot welds is a function of the magnitude of 
the cooling force, maintained through the recrystalliza- 
tion period, and of the interrelation between welding 
force and current, it becomes clear that the forging force 
may be used at either of two levels: 

1. In conjunction with a weld force which is in itself 
adequate to be used as a cooling force, the forge force 
being additive merely to insure the production of welds 
of maximum soundness. 

2. As a means of producing welds of commercial 
soundness while permitting the use of the lowest possible 
secondary current by forming the ingot under the lowest 
possible weld force. 

With the time-current-electrode combinations ad- 
justed to provide comparable size-soundness welds, the 
weld shear strength developed per pound of machine 
force required is as shown in Fig. 43, for the various 
conditions. These curves were obtained by dividing the 
equation of shear strength developed by the force re- 
quired and plotting the ratios against sheet thickness. 
Of commercial interest is the revelation that more 
strength is developed within the 0.05 to 0.50-in. sheet 
thickness range per pound of cooling force required than 
is the case in the very thin sheets. Larger total forces 
are required, but the data point to the justification of 
providing that force. The upper curve in Fig. 43 would 
appear to be the most temping one to use and, there- 
fore, it should be clearly understood that while the use 
of this derived value has been proof-checked, the condi- 
tions are border line in that high surface heating was ob- 
tained with closely spaced single-impulse welds, as 
shown in Fig. 26. Also, this condition is more sensitive 
to minor variations in current. 

Final selection of force systems must be in the hands 
of the user, but the deliberate selection of very low weld- 
ing force machines cannot be unconditionally recom- 
mended because of : 


(a) Sensitivity to material variations. 

(6) Sensitivity to current variations. 

(c) Likelihood for surface overheating. 

(d) Likelihood for presence of non-flat material. 
(e) Preclusion of use of larger welds. 
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Fig. 48—Relation Between Secondary Current Weld Strength 
and Operating Ranges for Phas ae Temper Sheet (250 Lb. 
orce) 


For widely spaced welds, some of these objections be- 
come less pertinent. 

In a parallel manner, it is shown in Fig. 44 that more 
strength per secondary ampere is produced for the thick 
than in the thinner sheets. This was the deliberate re 
sult of the choice of the time-thickness relationships. 

In Fig. 45, for the schedules selected, the strength 
per cycle is shown to rise to a peak at about 0.15-in. 
thicknesses, but beyond that thickness less strength per 
unit time is developed. However, again a matter of sig- 
nificance, up to the 0.30-in. thickness the minimum 
strength developed per cycle is within 25% of the peak 
value. This all leads to the conclusion that single- 
impulse controls are applicable up to their peak or near- 
peak effectiveness up to the 0.30-in. sheet thickness with 
respect to shear strength developed per unit of force, 
current and time. The specific magnitude of the re- 
quired values increases, but the return per unit is higher. 
The comparison with the 1946 A.W.S. tentative stand- 
ards is shown in the curves, Figs. 43 to 45. The A.W.S., 
single-impulse standards are clearly those of a high-speed 
high force-current combination without provision for 
making closely spaced welds in the thicker side of the 
applicable sheet range while the pulsation standards 
are those of a low-speed, low force-current combination. 

For all systems the strength per heat energy unit de- 
creases with increased thickness, as shown in Fig. 46. 
If comparisons are made on the basis of shorter time 
schedules or for larger welds, the strength developed per 
cycle will rise and the strength per pound of force and per 
ampere of current will tend to decrease. This follows 
from the weld strength or size and the weld size vs. /*N 
relationships. The user’s choice of schedule must be 
based upon joint quality required, power supply avail- 
able, machine size available, material properties and 
uniformity and production speeds required. For any 
specific instance the choice becomes simple, once the in- 
terrelationship of the variables is understood. Double- 
force systems would not be used on light machines, and 
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single-force systems would not ordinarily be used on the 
1/s-in. thicknesses because of the high current demand. 
One table of values has been compiled in Table 5 to avoid 
the making of complex recommendations. The condi- 
tions given are for minimut-sized welds, thus using the 
force and currents to maximum effectiveness. The force- 
thickness system was selected as shown in Fig. 27 so that 
the minimum welding force was: 


P = 10,6001(1 — 1.5(1 + Ji) (21) 


and the minimum cooling force was equal to the weld 
force but never less than one-half the value found neces- 
sary for the production of welds free of porosity, as de- 
fined by Equation 11. The value (1 — 1.5t) in Equation 
21 is a device which permits of a uniform transition from 
full force for sound welds on the thinner side of the sheet 
thickness range down to the very minimum value for the 
0.50-in. plates. This is an arbitrary working selection 
based upon the experimental data. The electrode-cur- 
rent-force values and the weld spacings were obtained as 
described. A limited number of selected proof-check 
tests were then made on both single- and multiple-weld 
specimens. 

Lesser weld forces could be used and could commonly 
be recommended for many applications once operating 
conditions are known. Heavier values can often be used 
to good advantage for the production 
of larger, stronger welds. 

The summarized recommendations 
for single-impulse welding schedules, 
based upon the test data described, 
are given in Table 5. The various 
welding conditions shown are based 


upon the relationships derived from the Su 
various experiments as described in 28 
the preceding text. 

wo 


Part V—Material Variables 


The chemical and physical proper- 
ties and the metallurgical uniformity 
of the stock have an effect upon both 
the welding schedules which must be FRAC TURE 
used and upon the properties of the SHOWING 
resulting welds. Steel is ordinarily 
purchased for spot welding in either 
the cold-rolled or the pickled and oiled 


condition, but sheets commonly reach A. 


the welding machine with varying de- 
grees of foreign matter adhering to 
the surfaces with results as shown 
in Fig. 28. Furthermore, as shown 
in Fig. 47, the hardness or strength 
of the body of the sheet may tend to 
cause the surface resistance to break 
down at varying rates as unit initial 
electrode pressure is increased. 
Whether the surfaces are properly 
cleaned or not, the sheet body strength 
and resistance will have a definite 
influence upon the current which can 
and must be applied to form a weld. 
This is shown in Fig. 48 for two differ- 
ent sheets when using the same elec- 
trodes, forces and welding times. 
The harder, stronger sheets produce 
stronger welds, but either higher unit 
pressures or lesser currents must be 
used to produce such welds. One 
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of the important features of Fig. 48 is the narrow 
operating range of currents found for the low force welds 
on the full hard sheets and the wide operating range on 
the clean annealed sheets. 

The influence of sheet strength upon weld strength, 
for properly made welds, is shown in Fig. 10 and Equa- 
tion 6. 

Both welding conditions and performance values are 
sometimes further disrupted by the internal characteris. 
tics of the material being welded. This condition js 
revealed by Fig. 49 wherein erratic direct tension values 
were obtained as the result of abnormal nonmetallic in- 
clusions within the body of the sheet which was, in this 
instance, of a very low carbon and alloy content. The 
erratic performance was therefore not the result of hard- 
ness. 

Another material variable which influences both the 
results obtained and the necessary weld continuity for a 
given thickness for a required strength is the varying de- 
grees of hardening resulting from varying carbon con- 
tents. The calculated value of w plotted against sheet 
thickness for commercial ingot iron and 0.17 maximum 
carbon steel is shown in Fig. 50. The data point to 
the conclusion that for the thin sheets, where the quench 
rate is obviously rapid but where the eccentricity im- 
poses the least direct tension on the weld, the carbon 
steels are relatively stronger than the nonhardened iron; 


Inclusions in 0.125-In. sheets; lowered strength 


B. No irregularities in 0.250-in. plates; high strength 
Fig. 49—Influence of Internal Cleanliness Upon Direct Tension Tests 
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that is, they will develop the full strength of a wider 
strip of the sheet. On the other hand, for the thicknesses 
over '/,in. where the quench rate is obviously low and the 
direct tension component upon the weld is obviously 
high, the relative width for which the spot weld develops 
the full sheet strength is higher for the ingot iron than it 
is for the carbon steel. This follows in line with the 
direct tension to shear ratios and appears to be an ex- 
pected relationship. A fortunate feature is that the 
reduction in the value w, as shown in Fig. 50, is not as 
great as the increase in the tensile strength of the carbon 
steel over the ingot iron and, consequently, the steel has 
the higher total spot-weld shear strength even on the 
‘/,-in. thickness. This is shown for the 12-in. joints in 
Fig. 51. The low joint efficiencies obtained for the 
0.368-in. plates, as in Fig. 14, are related to the inability 
of the untempered, heat-affected base metal in the 
0.21 C steel to withstand the combined application of the 
bending and tension stresses. 

The joints in Fig. 10 with the extreme variations in 
sheet tensile strength were all made with the same setup, 
using a 30,000-psi. initial unit pressure and a correspond- 
ing low face taper on the electrode. Where the material 
itself is subjected to quality control with respect to 
strength, analysis, surface condition and thickness varia- 
tions, it would be expected that one selected schedule, 
very close to any operating border line, could be used if 
the schedule itself was always under absolute control. 
When material is obtained from random sources, under 
little or no control, the most feasible solution is to use 
electrode designs, as reported herein, with high initial 
unit presstires and reasonably long times. These fac- 
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tors tend toward the elimination of production non- 
uniformities. 


Conclusions 


The outstanding conclusions of this investigation are: 
High-quality welds and joints having a range of proper- 
ties can readily be made in low-carbon steel over the 
common thickness-strength-analysis (0.15 C max.) 
limits. 

For a given strength-analysis combination, the inter- 
relationships between force-electrode-current and time 
for any weld size, soundness or strength values desired 
are sufficiently specific to permit definition in mathe- 
matical terms. 

Both required welding conditions and weld properties 
obtained are influenced by the properties of the base 
metal. 

Single impulse schedules are efficient up to and in- 
cluding 0.30-in. thicknesses, provided adequate times are 
available. 

The spot welding of plates up to and including 0.50- 
in. thicknesses is feasible provided adequate equipment 
and power supplies are available. The most significant 
problems are increased tendencies toward shunting 
losses and increased eccentricity. 

For heavier plates, more strength can be obtained per 
pound of force required and per secondary ampere re- 
quired, as compared with very thin sheets. 

The conditions depicted in Table 5 have been found 
satisfactory for the spot welding of low-carbon steels up 
to 0.50 in. thick, 0.159% carbon content and 60,000 psi. 
tensile strength; all sheets having commercially clean 
surfaces. 

Single-row, spot-welded joints can be produced in the 
low-carbon steels which develop the full strength of the 
unwelded sheet or plate, without necessity for making 
tangent or overlapping welds. 
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Fig. 51—Relation Between Sheet Thickness and Total Strength 
for 12-In. Wide Joints (Single Row Welds) 
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Discussion Stress Corrosion Cracking 


(Continued from page 699-s) 
values for nitrides of liquid steel temperatires are as 
follows, according to the latest data of the Bureau of 
Mines, on the basis of 1 gram atomic weight of nitrogen: 
Silicon nitride, 7500 cal.; Aluminum nitride, 8500 cal.; 
Titanium nitride, 41,000 cal. 

Titanium is thus nearly five times as powerful as 
aluminum as a nitride stabilizer, and aluminum in this 
respect is only slightly more potent than silicon. If 
silicon, as the authors have stated, is considered to be only 
“second rate’’ as a nitride former, aluminum is but little 
better. The well-known effects of aluminum in steel on 
aging, corrosion-cracking, etc., should be ascribed largely 
to its deoxidizing power in which it greatly excels silicon, 
rather than to its effect on nitrogen. Some very pertinent 
‘experimental data are available to demonstrate how cer- 
tain aging effects, which are not controlled by deoxida- 
tion and are probably connected with nitrogen or carbon, 
are not affected by aluminum but can be prevented by 
titanium. 

The statement that titanium added to steel is con- 
sumed by oxygen “and then b; carbon before any re- 
action with nitrogen’ takes place’ is incorrect in regard 
to carbon and nitrogen. It may be noted that no sup- 
porting data are given. If this were true, it would sim- 
plify considerably the stabilization of stainless steel by 
titanium against intergranular corrosion. To show that 
it is not true, the following analyses for soluble and in- 
soluble nitrogen made on several small heats of low-car- 
bon steel before and after the addition of titanium are 
presented : 

Final Chemical Nitrogen Before Final Nitrogen After 


eat —Analysis—. Ratio -—Titanium Addition—. -—Titanium Addition—, 
No. © Ti Ti/C Set. Insol. Total Sol. Insol. Total 


427. 0.064 0.045 0.7 0.0168 0.0011 0.0179 0.0090 0.0106 0.0196 
440. 0.060 0.100 1.7 0.0147 None 0.0147 0.0008 0.0133 0.0141 
428. 0.064 0.202 3.2 0.0250 0.0017 0.0267 0.0021 0.0155 0.0176 

These results show very definitely that titanium formed 
an insoluble compound with a very large proportion of 
the nitrogen in these steels even though it was not presezit 
in sufficient amount to combine with all the carbon. It 
may be noted that the Ti/C ratio was below 4 in each ex- 
ample, indicating an excess of carbon above the amount 
required to form titanium carbide with all the titanium 
present, and stil] the soluble nitrogen was reduced to a 
small percentage of the original value by the titanium 
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addition. The fact is that titanium in well-deoxidized 
steel reacts with both carbon and nitrogen together, form- 
ing carbides and nitrides, which are mutually soluble in 
each other, instead of either pure compound. 

One minor point noticed in the discussion of the ex- 
perimental data offered by the authors in defense of the 
significance of their “free nitrogen factor,’’ is that steels 
104 and 105 seem to be compared, in regard to the rate of 
stress-corrosion-cracking only on the basis of that factor, 
which involves nitrogen, phosphorus and aluminum. The 
fact that the steel which cracked more readily contained 
only one-fourth as much carbon as the more resistant 
steel seems to have been overlooked. The authors’ ad- 
mission that ‘‘increased carbon causes a reduction in the 
aging susceptibility of steel’’ would seem to invalidate a 
comparison of these steels on the basis of their nitrogen, 
phosphorus and aluminum contents exclusively, so that 
the importance of the ‘‘free nitrogen factor’’ is not very 
well illustrated by these particular examples. 

It is hoped that these suggestions may enable the 
authors to polish off the rough edges of their interesting 
theory so that its general acceptability may be enhanced. 


Authors’ Reply 


The authors wish to tahnk Mr. Comstock for the com- 
ments that he proffers: They seem to amend but not 
seriously impair the proposed theory. 

The principal of these seems to be that oxygen is an 
important element in againg of mild steel. Very per- 
tinent evidence has been secured by Titanium Alloy 
Mfg. Co. to support this fact. The authors do noi insist 
that such is untrue but rely on the experiments of Low 
and Gensamer which indicate that oxygen is less impor- 
tant than carbon or nitrogen in aging. Evidence is 
presented in the series that nitrogen is of primary im- 
portance in corrosion and does not seem to be contra- 
verted by the indirect argument concerning silicon and 
deoxidation. 

Reasoning on the basis of thermodynamics is always 
inferior to experimental evidence because of the inherent 
inaccuracies of the data. Hence the authors gladly 
withdraw the statement that TiN only forms after the 
carbon is exhausted. Titanium steels will probably be 
more used than was opined. 

The authors have included the effect of carbon into 
the recent publications and only regret having too little 
data to justify the inclusion if titanium, vandium, etc. 
and grain size in the ‘‘free nitrogen factor.” 
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X-Ray 


Ditfraction Study of the Effect 


of Residual Compression on the 


Summary 


HE present work is a contribution to the study of 

the exact role of residual compression in fatigue. 

By preloading notched specimens in tension the 
authors have been able to induce residual compressive 
stresses without appreciably cold working the metal and 
obtain noticeable improvement of the fatigue perform- 
ance. The improvement depended not on the originally 
induced stress pattern, but on the one which has been 
left after the first few cycles. It was found that the 
X-ray diffraction technique was a valuable tool in deter- 
mining whether or not the induced stress pattern would 
contribute to the improvement of the fatigue resistance. 
The use of preloading as a means of improvement of the 
fatigue resistance of metal parts containing stress raisers 
has been discussed with particular emphasis on spot 
welding. 


Introduction 


Despite extensive research, the influence of residual 
stress on the fatigue behavior of metal parts in general 
and welded joints in particular still remains one of the 
most controversial engineering problems of today. Most 
of the work done in welding' seems to indicate that the 
residual stress has little or no influence on the fatigue 
performance of welded joints. On the other hand, there 
is a strong feeling among many investigators” * that the 
residual compressive stress. has much to do with the im- 
provement of the fatigue behavior of metal parts, result- 
ing from shot peening and surface rolling. Recent experi- 
ments on aluminum alloys* seem to give a substantial 
support to the latter point of view. When looking deeper 
into this controversy, one may distinguish two main rea- 
sons for the existing confusion. For one thing, in none 
of the tests under review have the residual stresses been 
either induced or removed without producing at the same 


* Scheduled for Twenty-Seventh Annual Meeting, A.W.S., Atlantic City, 
N. Ju, week of November 17, 1946. Contribution to the Fundamental Re- 
search Program of the Welding Research Council. 

t Department of Metallurgy, Massachusetts Institute of Technology. 


Fatigue of Notched Specimens 


By J. T. Norton, D. Rosenthal and S. B. Malooft 
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Fig. 1—Sketch of the Notched Specimen 


time some kind of structural or phase changes in the 
material. Thus, the fatigue behavior of the ‘‘as-welded”’ 
joints containing residual stress has been compared with 
that of the stress-relieved joints, in which the stress- 
relief heat treatment was apt to produce deep metal- 
lurgical changes. Likewise, in setting up the residual 
compres:ion the operations of shot peening and surface 
rolling were bound to create a substantial amount of cold 
working of the metal. 

For another thing, neither the amount nor the dis- 
tribution of the residual stress has been followed up dur- 
ing the fatigue testing to see whether it could account 
for the observed changes. 

By using the X-ray diffraction technique of stress 
measurement and an appropriate method of setting up 
the residual stress, two of the present writers were able | 
to avoid the above shortcomings. In their study of the 
influence of residual stress on the fatigue behavior of flat 
bars of mild steel* they thus concluded that if the speci- 
men contained no notches the residual tension alone was 
of little influence on the fatigue, provided the fatigue 
limit was higher than 0.6 yield point. The question of 
residual compression was not considered and that of 
notched specimens was left open. 

Recently’ it was found that by preloading a notched 
specimen in tension a substantial amount of residual com- 
pression stress could be set up around the notch without 
appreciably cold working the material. This circtum- 
stance along with the successful application of the X-ray 
stress analysis to the problem of notches’ has prompted 
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the resumption of the above-mentioned study in the hope 
that a fundamental knowledge could thus be acquired 
regarding the influence of residual compression on fatigue. 


Experimental Procedures 


A. Specimens 


All specimens used in this investigation were taken 
from the same plate which was '/, in. thick. They were 
machined with their long axis parailel to the direction of 
rolling. The dimensions and type of the specimen are 
shown in Fig. 1. After the notch was made, the speci- 
mens were stress relieved by a heat treatinent consisting 
of slow heating up to 1200° F., maintaining for 2 hr. at 
the temperature, and then slow cooling in furnace. It 
was found that this heat treatment insured complete 
freedom of stress. The mechanical properties found after 
this treatment and the chemical analysis of the steel are 
given in Table 1. 


Table 1—Mechanical Properties and Chemical Composition 
of the Stress-Relieved Specimens 


Item Unit - Value 
Y.P Psi.* 34,500 
aa Psi. 61,300 
c % 0.19 

Mn q% 0.41 

P 0.021 
% 0.043 
Si % 0.026 


* Determined by means of wire gages. 


B. Setting Up of Residual Stress 


Two sets of specimens were prepared, one without any 
residual stress, and the other with various amounts of 
residual stress. The residual stress was set up by pre- 
loading the specimens in tension. As shown elsewhere’ 
this procedure creates residual compression around the 
notch after unloading and produces only negligible cold 
working, as long as the average load stress in the notched 
section is kept below the yield point (Y.P.). The amount 
and distribution of residual stress were varied by chang- 
ing thé load. Specimens 4 and 6 were loaded to an aver- 


Fig. 2—Calibration Set for the Determination of Stress in Ray- 
flex Fatigue Machine 
A, notched specimen with wire gages; 8, cathode ray oscillo- 


graph; C, switch box; D, matching transformer; F, rayflex fatigue 
machine. 


age stress in the notched section = 0.63 Y.P. (or 21,800 
psi.), and specimens 7, 8 and 10—up to the Y.P. (or 
34,800 psi.). Besides, one specimen, No. 9, was loaded to 
an average stress of 41,800 psi. or 1.20 Y.P. to learn 
something about the effect of cold working. 

The amount and distribution of the residual stress 
set up in this manner was determined by means of X-rays 
following the technique described elsewhere.’ 


C. Fatigue Test 


The fatigue tests were performed in the Rayflex 
vibrating machine which subjected the specimen to a 
reverse bending. The specimen was vibrated at its 
natural frequency by means of electromagnets acting at 
both ends of the specimen. The latter was supported at 
the nodes. Under these circumstances the bending 
moment exhibited a flat maximum (no shearing stress) 
in the center. 

The machine was tuned to the natural frequency of the 
specimens by means of an oscillating electrical circuit, 
and the amplitude was brought up to the desired value 
by increasing the energy input of this circuit. 


Fig. 3—Fatigue Crack Revealed by Magnetic Powder (Magnaflux) 
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Table 2—Results of Fati Test in Reverse Bending on 
Specimens 


Nominal Number of 
Fiber Stress Reversals 
Speci- in Notched Before 
men Section, Psi. ° Failure Remarks 
1 34,000 292,000 
2 23,000 1,600,000 
3 16,500 6,440,000 First crack at 3,800,000 
cycles 
12 15,600 9,500,000 First crack at 2,840,000 
cycles 
5 14,800 10,000,000 * No crack 
Probable fatigue limit: 14.500 15,%0 pai. 
* No failure 
nly 


The amplitude of vibration was maintaihed within 
+2%. When the fracture progressed sufficiently to 
throw the specimen out of phase, the machine stopped 
automatically. The number of cycles recorded at this 
instant was considered as corresponding to the failure of 
the specimens. 

The notched section of the specimen was at the mid- 
span between the two nodes. Since the specimen was 
notched, a special calibration test was necessary to 
establish the relation between the measured amplitude 
and the stress in the notched section. The experimental 
setup is shown in Fig. 2, and the details of calibration are 
given in Appendix 1. For convenience the amplitude of 
vibration has been calibrated in terms of the nominal 
fiber stress. This is the stress which normally is obtained 
by dividing the bending moment by the modulus of the 
notched section. 

The experimental procedure was as follows: First, 
the fatigue limit of the stress-free specimens was deter- 
mined. This was done in the usual manner by starting 
with a load high enough to produce a failure after a 
relatively small number of cycles. Then the load was 
decreased for each consecutive specimen, until no frac- 
ture ensued after 10 million cycles. By means of this 
procedure, the fatigue limit of the stress-free specimens 
was established within some +400 psi. Next, speci- 
mens containing various amounts of residual stress were 
tested at a load which was the same for all of them and 
which was set arbitrarily at a value 30% higher than the 
fatigue limit established for the stress-free specimens. 
The machine was frequently stopped to permit the exami- 
nation of cracks. The inspection was done most readily 
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Fig. 4—Fatigue Results on Notched Specimens 
Continuous line and open circles—stress-free specimens. No. 


1—specimens preloaded to 0.63 Y.P.; No. preloaded 
to the Y.P.; No. 3—specimen preloaded to 1.2 Y.P. 


FA'YIGUE OF NOTCHED SPECIMENS 


by means of the magnetic powder (Magnaflux), Fig. 3. 
The redistribution of residual stress caused by the num- 
ber of cycles also was investigated and in the case of 
Specimen 10 the redistribution of residual stress was 
examined after one single cycle. To this end the speci- 
men was loaded in a special bending device described in 
Appendix 1 in connection with the calibration test. 
After the desired nominal stress had been reached, the 
specimen was turned upside down and reloaded to the 
same value of stress, thus completing the cycle. 


Results 


A. Fatigue Test 


The results of fatigue tests on stress-free specimens 
are summarized in Table 2, and they are represented in 
the usual semilogarithmic diagram in Fig. 4, by plotting 
the nominal fiber stress against the log of the number of 
cycles at failure. From Table 2 it may be seen that as the 
applied stress decreased, the number of cycles separating 
the initiation of crack from the final failure increased. 
This condition was previously noticed in connection 
with the notched specimens.* However, at the lowest 
stress applied no crack was observed even after 10 million 
cycles. The latter was considered as being just slightly 
below the fatigue limit which was set at 15,200 psi. 
(see Table 2). The results of fatigue test on specimens 
preloaded in tension are shown in Table 3 and Fig. 4. 


Table 3—Results of Fatigue Tests at + 19,800 Psi. Nominal 
Fiber Stress of the Notched Section on Specimens with 
Residual Stress Induced by Prestressing in Tension 


Prestressed to 
Speci- Average Stress Cycles Before 


men Indicated, Psi. Failure Remarks 

4 21,800 4,000,000 First crack at 1,800,000 
cycles 

6 21,800 4,071,000 First crack at 1,809,000 
cycles 

7 34,800 17,110,000 First crack at 1,600,000 
cycles 

8 34,800 18,560,000 First crack at 1,940,000 
cycles 

10 34,800 11,000,000 First crack at 2,500,000 
cycles 

9 41,800 5,790,000 First crack at 1,200,000 
cycles 


It is seen that none of these specimens withstood the 
cyclic applied stress, which was 30% higher than the 
estimated fatigue limit of the stress-free specimens, 
without failure. However, Specimens 7, 8 and 10 ran 
more than 10 million cycles before failing. It is also seen 
that in these specimens the crack initiated at about the 
same number of cycles as in the first two specimens, but 
visual inspection disclosed that once initiated the crack 
did not progress beyond the first 0.1 in. until the final 
3 or 4 million cycles were reached. This detail will be 
discussed later. The degree of fatigue damage done to 
the notched specimens under various conditions of load- 
ing is shown in Fig. 5. 


B. Measurement of Residual Stress 


Table 4 and Fig. 5 show the amount and distribution of 
residual stress produced by preloading the specimens in 
tension to the value of average stress indicated. In spite 
of the precautions taken to avoid eccentric loading, the 
results of Table 3 indicate that there was little symmetry 
in the distribution of the residual stress for the lowest 
and highest values of the applied load. Fortunately, as 
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will appear later, this circumstance was without major 
influence on the results of the fatigue test itself. From 
Fig. 6 it is seen that as the preloading was increased, the 
extent as well as the magnitude of the residual com- 
pression became greater. Finally, when the average 
stress exceeded the Y.P., the whole surface layer was 
brought under compression. 

The redistribution of the residual stress due to reverse 
bending and cycling is shown in Table 5 and Fig. 7. It is 
found that the original stress pattern has undergone a 
substantial change after the very first cycle of loading, 
but that additional cycling produced little change in the 
new stress pattern. The change has affected principally 
the immediate vicinity of the notch, where the residual 
stress has dropped invariably to a very low value. How- 
ever, the stress regained rapidly its original value at some 
distance from the notch. As a result, there was little 
stress left after the first few cycles in the two specimens 
which were preloaded to an average stress of 0.6 Y.P. 
In the next three specimens, which were preloaded to an 
average stress as high as the Y.P., the stress pattern was 
reduced to a compression barrier with a peak of about 
15,000 psi., 0.1 in. away from the notch. And in the last 
specimen, loaded beyond the Y.P., the peak of stress 
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Fig. 6—Amount of Residual Stress Induced by Preloading 


Average stress of preloading: Curve 1—21,800 psi. (0.63 Y.P.); 
Curve 2—34,800 psi. (Y.P.); rve 3—4]1,800 psi. (1.2 Y.P.). 


732-s WELDING RESEARCH SUPPLEMENT 


Fig. 5—Degree of Damage Caused in Notched Specimens by Various Conditions of Loading in Reverse 
Bending. Figures Identify the Specimens in Tables 2 and 3 


shifted even further. Characteristically, as seen from 
Table 5, this peak was not materially affected by pres- 
ence of a small crack in its immediate vicinity. 


Discussion of the Results 


A. Influence of the Residual Compression on Fatigue 


A glance at Fig. 4 and Table 3 makes it quite obvious 
that the preloading of the notched specimens in tension 
can greati-* improve their behavior in fatigue. But the 
degree of improvement is in no direct relation to the 
applied load. Thus the two specimens, 4 and 6, pre- 
loaded to an average stress of more than 0.6 Y.P. showed 
almost no increase in life as compared to the stress free 
specimen. On the other hand, the three specimens, 7, 
8 and 10, preloaded to the Y.P., withstood a number of 
cycles which ranged from 3.3 to 5.7 times that of the 
stress-free specimen. The reason for this difference can 
hardly be found in the pattern of the residual stress set 
up by the preloading alone, but it can easily be explained 
by the change brought about in this pattern by the 
cycling load. It thus appears, Fig. 7, that the lack of 
improvement of Specimens 4 and 6 is due to an almost 
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Fig. 7—Redistribution of Residual Stress Caused by Reversed 
Bending at + 19,800 Psi. Nominal Fiber Stress 


Preloa : Curve 1—21,800 psi. (0.63 Y.P.); Curve 2—34,800 


psi. (Y.P.); Curve 3—41,800 psi. (1.2 Y.P.). 
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Average Location 
Specimen Prestress, Psi. Notch Face 
+ 21,800 A Top 
A Bottom 
B Top 
B Bottom 
6 21,800 A Top 
A Bottom 
B Top 
B Bottom 
7 + 34,800 A Top 
B Top 
8 34,800 A Top 
10 34,800 A Top 
B Top 
9 41,800 A Top 
A Bottom 


Table 4—Amount of Residual Compression Induced by Prestressing in Tension 


Residual Stress 
Distance from Notch, In.— 
0.1 0.2 


0.03 
— 15,500 
— 16,000 
— 9,200 0 
— 8,000 
— 12,200 
— 11,900 
— 5,000 
— 5,500 
— 25,600 
— 24,700 
— 24,700 0 
— 18,300 
— 21,300 
— 19,200 

(— 3,600) 


— 15,100 


— 17,400 
(— 3,200) 


— 12,000 


complete removal of the original residual stress by the 
cycling load. Likewise, the improvement noticed in 
Specimens 7, 8 and 10 must be related in some way to the 
residual compression barrier left behind the notch, as 
will appear later. 

From the above discussion it follows that the behavior 
in fatigue of the prestressed specimens bears little rela- 
tion to the original pattern of the residual stress. The 
determining factor is the pattern obtained after the applica- 
tion of the first few cycles. This point must be kept in 
mind when considering the controversy about the in- 
fluence of the residual compressive stresses on fatigue. 

To conclude this discussion the case of Specimen 9 
will be dealt with briefly. It will be recalled that this 
specimen has been cold worked by raising the average 
stress during the preloading to 1.2 Y.P. Because of 
stress concentration the degree of cold working around 
the notch might have been even greater than as indi- 
cated by the above figure.’ It is also known® that cold 
work increases notch sensitivity and that extreme cold 
work has an embrittling effect on fatigue. In short, the 
damage caused by the excessive cold work might well 
have offset the beneficial effect of the residual compres- 
sion in Specimen 9, hence no improvement in fatigue. 
This possibility has been pointed out before.’ 


B. Residual Compression and Crack Propagation 


The behavior of the stress-free Specimen 12 and the 
prestressed Specimen 10 offers a good opportunity for 
more thorough investigation into the probable mechanism 
of the improvement caused by the residual compression. 
It will be noticed from Fig. 4 and Tables 2 and 3 that both 
specimens failed at about the same number of cycles. 
Yet the latter was cycled at a much higher stress than 
the former. Obviously, the residual compression has 
made up for the over-all increase of load, by slowing 
down locally the propagation of the crack. That this is 
80, is strongly suggested by the distribution of the actual 
stress in both specimens at the tension peak of the cycle 
as shown by diagrams, Fig. 8. These diagrams were 
drawn according to the data contained in Appendix 2 
and in Fig. 5, but they have been limited by the value 
of the Y.P. (the small effect of biaxiality being neglected’). 
It is seen that as the crack progressed away from the 
notch, it entered a region of a much lower stress in Speci- 
men 12 than in Specimen 10, hence.the propagation of 
the crack was slowed down considerably more in the 
former than in the latter. The situation was reversed at 
a much later stage. Asa result of these conflicting condi- 
tions, both specimens failed at about the same number of 
crn despite a difference of almost 30% in the applied 
oad. 
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FATIGUE OF NOTCHED SPECIMENS 


The above analysis assumes that the presence of a 
small crack does not affect the stress distribution to any 
considerable extent. The validity of this assumption 
seems to be supported by the observations made pre- 
viously on Specimen 9, Table 5. 


C. The Benefit Due to Preloading 


Recently® a substantial improvement in fatigue (of at 
least 50%) has been reported for spot-welded aluminum 
alloys preloaded in tension. Because of the wide implica- 
tions which the above finding carries for the welding in- 
dustry, it appears worth while to examine when the pre- 
loading is likely to benefit the fatigue resistance most. 
Barring the effect of cold working, the analysis made in 
Appendix 2 shows that the benefit depends on the mar- 
gin which separates the preloading stress from the fatigue 
limit of the unstressed specimens. By preloading stress 
is meant here the load divided by the (notched) section 
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Fig. 8—Stress Distribution at the Tension Peak of the Cycle 


Curve 1—stress-free Specimen No. 12; Curve 2—prestressed 
Specimen No. 10. 
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- Location ~ No. of 
Specimen Notch Face Cycles 
6 A Top 
250,000 
A Bottom 0 
250,000 
7 A Top 0 
270,000 
B Top 0 
270,000 
10 A Top 0 
1 
1,000,000 
B Top 0 
1 
1,000,000 
9 A Top 0 
200,000 
1,200,000 
B Top 0 
1,200,000 
A Bottom 1,200,000 
B Bottom 1,200,000 


Table 5—Redistribution of Residual Stress Caused by Cycling at + 19,800 Psi. Nominal Fiber Stress 


Residual Stress, Psi. 
- Distance from Notch, 


0.03 0.1 , 0.2 0.75 
— 12,200 
— 2,200 
— 11,900 
— 4,500 
— 25,600 es +3000 
— 4,100 
— 24,700 
— 6,000 give — 4000 
— 18,300 — 10,000 
— 2,500 — 12,800 
ae — 12,650 
—21,300 — 12,300 
2,500 — 16,300 
— 18,800 
— 19,200 — 17,400 — 15,100 
— 9,600 — 14,600 — 16,400 
Crack — 16,400 — 12,800 
— 3,600 — 12,000 — 3,200 
Crack — 16,400 — 9,000 
Crack Ma — 10,500 
Crack — 14,200 


of the specimens, and by the fatigue limit—the safe 
nominal fiber stress of the latter. In particular, if the 
preloading stress is kept below or at the Y.P., then the 
benefit of preloading will depend on how far the fatigue 
limit of stress-free specimens is from the Y.P. On the 
basis of this argument, it may be expected that the pre- 
loading will benefit a great deal less polished, plain 
(unnotched) specimens than rough, notched specimens, 
as iit the latter case the fatigue limit is considerably 
lowered due to stress concentration. This statement 
seems to be born out by experiment.5 


Conclusions 


The following conclusions may be drawn from the 
present work: 

1. Barring any other effect the residual compression 
alone is capable of improvitig greatly the fatigue perform- 
ance of notched specimens. However, the original re- 
sidual stress pattern set up before the fatigue testing is not 
a safe indication of the improvement to be expected. 
The real criterion for this improvement is the residual 
stress pattern which settles down in the specimen after 
the first few cycles. 

2. Because of the above limitation and the non- 
destructive feature of the X-ray diffraction technique, 
the latter, within its own limitations, appeais to be a 
convenient tool for determining whether or not the in- 
duced type of residual stress will contribute to the im- 
provement of the fatigue resistance. 

3. The preloading in tension appears to be an effective 
means of improving the fatigue resistance of notched 
specimens, and in view of ‘the reported success in spot 
welding® it should be given serious consideration in 
practice. However, the benefit derived from this treat- 
ment may be seriously impaired by excessive cold work. 
In practical applications, the. preloading is likely to 
benefit more metal parts containing stress raisers, notches 
and surface irregularities than metal parts which are 
polished and devoid of any stress-raising condition. 
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Appendix 1—-Determination of Stress in Notched 
Specimens Subjected to Fatigue 


It will be recalled” that in the Rayflex machine the 
stress is determined by measuring the amplitude of vi- 
bration. If the specimen is of uniform section, the relation 
between stress and amplitude is readily obtained from 
the theory of free vibration of beams in bending. But 
no such relation exists if the specimen is notched. A 
direct calibration was, therefore, necessary to establish 
the needed relationship. 

The experimental setup is shown in Fig. 2. It consists 
of a notched specimen, A, identical to those used in fa- 
tigue and provided with a series of wire strain gages of the 
type SR4 placed along the axis. The gage length was 
everywhere '/; in., except at the notched section, where it 


STRESS IN 1000 PS.I. 
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24° 


Fig. 9—Stress Distribution Along the Axis of the Notched 
Specimen at the Tension Peak of the Cycle and Max. Amplitude 
of Vibratica = 0.0715 Cm. 
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Fig. 10—Distribution of Load Stress on the Surface of Notched 
Section at the Compressive Peak of Cycle for a Nominal Fiber 
Stress of 19,800 psi. 


was reduced to '/, in. The wire gages were connected to 
a scope (cathode ray oscillograph), B, through a switch 
box, C, and an appropriate matching transformer, D, 
acting as amplifier. After the specimen had been set in 
vibration at a predetermined amplitude by the Rayflex 
machine, #, the strain in each gage was read in terms of 
the deviation of the fluorescent spot on the scope. This 
deviation in turn was calibrated in terms of a change of 
resistance by means of an appropriate circuit.* Know- 
ing the gage factor, i.e., the ratio of strain to the change 
of resistance for each gage, the value of strain could thus 
be determined. In Fig. 9 are plotted the results of cali- 
bration at various points along the axis of specimen for 
an amplitude of vibrationa = 0.0715cm. Since the state 
of stress is almost uniaxial along the axis, even at the 
notched section, the results were multiplied by the modu- 
lus of elasticity E and plotted in terms of stress. The 
abrupt change caused in the distribution of stress by 
notching is noteworthy. 

To complete the calibration, it remained to express the 
stress measured in the notched section along the axis in 
terms of the nominal fiber stress in this section. To this 
end the specimen with the gages was placed in a special 
device which submitted the specimen to a constant bend- 
ing moment in its central portion. The value of the 
nominal fiber stress was then computed by dividing the 
bending moment by the modulus of the notched section, 
and this value in turn was divided by that obtained from 
the strain gage reading along the axis. The ratio came 
out to be 1.175, a figure which is in good agreement with 


* We are indebted to Mr. P. R. Schepler, Research Engineer at M.1I.T. for 
carrying out this calibration. 


similar measurements made by Preuss,'' see also Ap- 


pendix 2. 


Appendix 2—The Redistribution of Residual 


mpression Caused by Reversed Bending 


It has been shown’ that the true stress under load 
measured by means of X-rays in the vicinity of the notch 
at no time exceeded the value of Y.P. computed on the 
basis of the shear energy criterion. Although the effect 
of cold working was not investigated, it can be assumed 
that the above condition will still hold true provided 
the actual value of the Y.P. of the cold-worked material is 
used. 

If the specimen contains residual stress, the true stress 
measured by means of X-rays is a sum of the residual 
stress (R.S.), and the laod stress (L.S.). With this in 
mind, the above condition reads: 


(R.S.) + (L.S.) <¢ (Y.P.) (1) 


(R.S.) ¢ (Y.P.) (L.S.) (2) 


From condition (2) it may be inferred that if the original 
residual stress in the specimen prior to loading is larger 
than as given by this condition, then it will be reduced by 
plastic flow to a value compatible with this condition. 

In the present case, the residual stress is compressive. 
Consequently, condition (2) must be applied when the 
loading cycle is at its compressive peak. The actual 
values of load stress at each point on the surface of the 
notched section is given by diagram, Fig. 10, for the 
nominal fiber stress = 19,800 psi. compression. This 
diagram has been plotted according to our own X-ray 
measurements and earlier measurements by Preuss on an 
almost identical specimen.'! By combining the values of 
diagram, -Fig. 10, with those of diagrams, Fig. 6, the 
curves drawn in Fig. 7 are obtained. For the first two 
curves the Y.P. was taken as 34,800 psi. and for the third 
as 41,800 psi. Because of the scatter of the experimental 
results no attempt has been made to make correction for 
the biaxiality of the state of stress. 
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cated by arc welding into a structure intended for 

a specific purpose cannot be determined on only 
the basis of the mechanical and physical properties 
which were considered in specifying the steel for that 
particular application. 

In fabricating steels by arc welding a narrow stratum 
of the base metal adjacent the welded joint is exposed to 
the effects of the Thermo-cycle of welding and another 
narrow band adjacent the first is partly affected by the 
heat of welding. 

The first of the above—given two bands represents that 
portion of the base metal bordering the weld metal, 
which, while it has not alloyed with the deposit, yet it 
underwent a change of such order that it is no longer 
comparable to the rest of the base metal in so far as its 
grain structure, hardness and physical properties are con- 
cerned. 

It appears, therefore, mandatory that the designer 
should be advised of the character of the change of the 
physical properties of the heat-affected zones in that the 
serviceability of the structure may depend on that 
change. 

Development of applicable methods to evaluate the 
changed character of the heat-affected zones attracted 
the attention of many investigators. In the search fora 
criterion it has been established that the degree of hard- 
ness attained in the heat-affected zones, while the easiest 
to determine, is not readily correlatable either with the 
ductility or the notch sensitivity change noted for any 
given steel. 

Tests determining the change in notch sensitivity, 
employing notched bend bar specimens proved valuable, 
though most specimen types proposed were capable of 
only wide separations as regards evaluation of the in- 
crease of notch sensitivity by reason of the widespread 
scatter for companion specimens, which was inevitable 
with the specimen designs used. 

The various methods developed for determining the 
suitability of steels for use in arc-welded structures, the 
so-called ‘‘Weldability Tests,’ usually employed speci- 
mens containing a weld bead produced under prescribed 
conditions as regards the brand and size of electrode 
used, current values and speed of deposition. In testing 
the specimens which include a portion of the deposit, the 
evaluation actually concentrates on the often less than a 
few hundredths of an inch wide heat-affected zone. 
Since the power input in course of the deposition of a 
single electrode is subject to a cunsiderable second-to- 
second variation when applied by means of a high inertia 


* Scheduled for os tee Annual Meeting, A.W.S., Atlantic City, 
N.J., week of Nov. 17, 1946. 

t U. S. Naval Engineering Experiment Station, Annapolis, Md. 

Nore: The opinions and views e in this paper are those of the author 
and do not necessarily represent the official views and opinions of the Navy 
Department. 
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type automatic welding machine, it is evident that the 
thickness of the heat-affected zone is likewise subject to 
a proportional variation which is eventually reflected in 
the wide scatter as given above in connection with the 
remarks concerning test specimens. Further, the cur- 
rently familiar weldability tests which employ single 
bead deposition as the basic operation create in the heat- 
affected zone metallurgical changes which are far more 
drastic than those obtaining in normally applied multi- 
pass welding. It is, therefore, difficult and often im- 
practicable to interpret the test results as regards the 
suitability of a steel for a definite purpose or for deter- 
mination of the applicable welding procedure to render a 
steel suitable. 

In view of the above it was conceived to develop a 
method capable of furnishing the designer the following 
information : 

(a) Definition of the change of notch sensitivity of 
the heat-affected zone expressed in direct com- 
parison with that of the unaffected base metal 
using an applicable system of grading to be 
based on a welding procedure which employs 
neither preheat nor post heating and wherein 
the interpass temperature does not exceed 125° 
F 


(b) Definition of the effect on notch sensitivity of the 
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HEATING TIME IN SECONDS 


Fig. 2—The Effect of Preheating on High Frequency Heating 
of Bend Bars 


Temperature 2150°F; specimen: */, x 1'/; x 8 in. 


heat-affected zone of various degrees of pre- 
heat, interpass temperature and postheat 
treatment in the same method of grading as 
given above. 


Further requirements were that the method should be 
practical, employing small volumes of material, should 
require simple preparation and processing for the test 
specimens and be independent of the applicator’s skill to 
yield consistent results. In order to permit positive 
grading of the characteristics investigated it was further 
desired that the volume of the heat-affected zone be 
sufficient to insure that the applied testing procedure 
is in reality exploring only the intended portion of the 
specimen. Also it was felt desirable that the order of 
the metallurgical change within the heat-affected por- 
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DETAIL OF @) 
Fig. 4 


tion of the specimen shall be in all respects comparable 
to that which occurs in multipass weldments. 

The above requirements clearly indicated the use of a 
synthetic procedure as the only approach which may 
yield a method capable of consistent reproduction. 

Experience with Jominy bars showed that the met- 
allurgical changes which occur at the heat-affected zones 
in steel weldments can be reproduced by a synthetic 
method. It was, therefore, conceived that advantage 
may be taken of the ability of high frequency heating 
to confine a large energy input into a relatively small 
volume whereby the heat concentration obtaining in 
are welding may be simulated. Data for the performance 
of mild steel welding electrodes indicate that approxi- 
mately 95 kw. seconds of energy is absorbed by the weld- 
ing arc in depositing 0.035 cu. in. of weld metal in each 
linear inch of a 60° included angle, '/, in. root spaced 
groove formed by */s in. plates, in about 32 sec. Thus 
a 3 kw. rate of energy input for 48 sec. would be sufficient 
to produce weld metal to fill a 1'/2 in. long groove of 
the above dimensions. Applicable methods of com- 
putation showed that high frequency heating, applying 
a 400 ke. source, is capable of heat transfer of the above 
order. The specimen size selected, primarily by reason 
of the widespread use of this type, was */s x 1'/. x 8 in. 
It was intended to heat a narrow band in the center of 
the above type specimens to a high temperature at such 
rate that the unheated portions of the specimen may 
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exert on the heated zone the same chill effect as obtains 
in arc welding. The above objective was accomplished 
by means of a single turn coil, shown on Fig. 1, which is 
energized from the radio frequency transformer of the 
high frequency generator whose output is rated at 20 kw. 
The coil passes approximately 200 amp. at 80 v. at the 
frequency of 400 kc. The above power input is sufficient 
to raise the temperature at the center of the */s- x 1'/s- x 
8-in. test specimen set up as shown on Fig. 1 to 2150° F. 
in 49 sec. from the average ambient room temperature 
of 75° F. The width of the zone heated to 2150° F. is 
1/ 4 in. 

The above temperature level has been established em- 
pirically and was based on extensive experimentation 
which showed that it creates the same metallurgical 
changes as those which obtain in the heat-affected zones 
of unpreheated multipass welds in steel. 


Coarsened Area xX 100 


Subsequently, the power input time was established 
for various starting temperature levels, representing as 
many variations of the preheat temperature and the 
results of this procedure are presented in the graph on 
Fig. 2. 

Next, it was necessary to decide on the type of notch 
to be employed for evaluating notch sensitivity. It was 
conceived that since the most frequently occurring 
notch condition in structures is that presented by fillet 
welded tee joints, it appeared desirable that the notch 
to be employed should have the same stress raiser value 
as that obtaining at the toe of the fillet of tee joints. 
The evaluation of the contour of the notch capable of 
satisfying the above requirements was performed by 
means of photoelastic studies as indicated on Fig. 3. 
The details of the notch designed on the basis of the 
photoelastic patterns are shown on Fig. 4. To evaluate 
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Fig. 5—Photomicrographs Representing Arc Welded Specimens 
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the above elements of the 
ing tests were performed. 


3/16 in. diamete 
at normal curren 
ployed and a m 
temperature was 


ORIGINAL PLATE SIZE 2" X10" X 20" GUT 
DOWN TO REMOVE HARDENED FACES CAUSED 
BY FLAME CUTTING OPERATION. 


CHEMICAL SAMPLE /-i72" Xi" X 2” 


Fig. 6 


intended procedure the follow- 


(a) Mild steel plate assemblies were welded to form 
butt joints located in the flat and vertical, re- 
spectively. These welds were produced using 


r A.W.S. E-6010 electrodes 
t rates. No preheat was em- 
aximum of 125° F. interpass 
observed. 


(b) Transverse weld sections from the above joints 
were examined microscopically and photomicro- 


graphs at 100 magnifications were made of 
typical portions of the heat-affected zone, tran- 
sition zone and unaffected base metal. 


ness survey was made for the above areas. 


A hard- 
Re- 


sults of the above survey are given in Table 1 
and the photomicrographs presented in Fig. 5. 


(c) Bars of */s x 1'/. x 8 in. were fabricated from the 


steel plate whose portions were used in fabricat- 


ing the weldments given above in (qa). 


The 


method of dissection and the relation of the loca- 
tion of the bars to the direction of rolling is in- 


dicated on the sketch on Fig. 6. 


In fabricating 


TABLE 2 
STEEL |S | mn Cr | Ni |\Mo \V | P | s | TABLE 3 
+ 
BUSHIPS. 48 S-5 ELECTRODES 

Lint 4 + —_ TYPE 

18 | .22/1.37| | — | 14 | .09 |.035) 023) 4885 | FLEETWELD NOS 

MEDIUM CARBON -- += — 

| 30) .17/1.05| — 04) — | | .015 KILLED MUREX TYPE 80 3/16" DIA 

21| ..9| .e7| — | —| .sz| — | — |.013! | MUREX TYPE 80 | 3/16" DIA 

| | | | +—— 
- 3/16" 
MAYARI STEEL .08| .56| .33 — |.10 44 | 
CARBON- MOLYBDENUM TYPE & 5/32" DIA. FIRST PASS 
3-72 % NICKEL | — | o18/.014 STEEL — 3/16" “ REMAIN. PASSES | 
| | 3-1/2 % NICKEL STEEL | CROMANSIL 
-5O MO STEEL | | | CROMWELD 4-6 CR 3/16" DIA 
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the bars one surface was left in the as-rolled 
condition. The notch shown on Fig. 4 was 
milled at the center of the unmachined 1'/, in. 
wide surface of the bars. Additional */s- x 1'/2- 
x 8- in. bars were fabricated in like manner and 
were heat treated by the use of high frequency 
employing the coil shown on Fig. 1. The heat- 
ing time was 49 sec., the end temperature 2150° 
F. The heat-treated bars were notched in the 
same manner as given above for their nonheat- 
treated comparison specimens. Finally, to sim- 
ulate the quench obtaining in arc welding, on 
completion of the high frequency heat treatment 
the specimens were quickly removed from the 
heating jig and sandwiched between the two 
steel bars of equal dimensions. 

(d) All notched bars were bent in an adjustable bend- 


Coarsened Area x< 100 


ing jig set to accommodate a 2T radius plunger 

(T =*/s in., the thickness of the bend bar). The 

results of this test are given in Table 1. b 
(e) The companion heat-treated bars were dissected ) 

to yield transverse sections through the heat- 

treated center portion, examined microscopi- 

cally, photomicrographed and surveyed for hard- 

ness as given above in (b). The results of this 

examination are also incorporated in Table | 
and the photomicrographs are identified as Fig. (c) 
7. 


Results of the above-given pilot tests indicated the 
following: 


(a) The grain structure within the '/,-in. wide band 
processed by high frequency heating is compar- 
able with that of the heat-affected zones of the 
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Fig. 7—Photomicrographs Representing Specimens Heated by Single Turn, High Frequency Induction Coil 
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weldments produced either in the flat or the 
vertical as described above. 


(b) The hardness of the high frequency heated band, 


explored by means of the high sensitivity Knoop 
Diamond Indenter is also comparable with that 
of the heat-affected zones of the companion 
weldments examined by the use of the same 
apparatus. 


(c) The notch sensitivity of the steel used in the weld- 


ments did not deteriorate subsequent to the high 
. frequency heat treatment in that the notched, 
heat-treated specimens also withstood the full 
180° deformation under the 27 radius plunger 
and thus equaled the performance of the metal 
in the as-received condition. This performance 
was further corroborated by the results of the 


Pine 


tests performed for the face or root bend speci- 
mens taken from the welded assembly. 

Further, to evaluate the practicability of this new 
development, the above procedure, namely, production 
of welds and examination in parallel of the heat-affected 
zones created by arc welding and by high frequency 
heating was continued employing steels whose composi- 
tion is given in Table 2. 

The electrode types employed in welding the above 
steels together with other pertinent data concerning the 
welding procedure used are given in Table 3 

The plates, from which the coupons were cut for the 
welded assemblies given above, were further dissected in 
accordance with the plan shown on Fig. 6 to yield a num- 
ber of */s- x 1'/2- x 8-in. bars in such manner that one 
1'/,- x 8-in. bar surface was retained in the original as- 
received condition. 
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A number of these bars were notched and used to de- 
termine the notch sensitivity grade of the steels in the 
as-received condition. Then taking each steel in rota- 
tion the following procedure was employed. 

Representing each of the steels given in Table 2, two 
3/s- x 11/2- x 8-in. companion bars were given the high 
frequency heat treatment from room temperature, i.e., 
were heated to 2150° F. in 49 sec. Then these heat- 
treated bars were notched and tested by bending with 
the notched side in tension in the 27 radius standard 
bending jig. The results of these tests are given 
in Table 4. There it is noted that while some of this 
series of steels did not suffer an increase of notch sensitiv- 
ity, others did in varying degrees. For the latter steels 
whose notch sensitivity increased but which have shown 
that they have retained some of their former ductility by 
deforming to a considerable extent before failure occurred 
the test was continued in the following manner. Addi- 


“ 


4 

4 


\re 
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tional bars were preheated to various temperature levels 
and were given the high frequency heat treatment fror 
those levels applying the power in accordance with the 
calibration chart shown on Fig. 2. Assuming for each 
of these steels that the applicable welding procedure 
would require not only preheating but the maintenance 
of an interpass temperature at about the same level as 
that of the preheat, the bars on completion of the high 
frequency heat treatment were replaced in the oven 
which was kept at the preheat temperature, and were 
permitted to cool to room temperature with the oven. 
Then they were notched and one of the specimens was 
bent under the 27 radius plunger and if it failed there, 
the jig was opened up for its companion specimen to 
permit the use of the 37 radius plunger. In the event 
that the second specimen failed additional specimens 
were heat treated applying a somewhat higher preheat 
and simulated interpass temperature than before. Again 
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Fig. 10 
Border-line failure 
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Failure 
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TABLE 5 o (WELDED SPECIMEN) 


BUSHIPS 48655 (INT) LOW CARBON MEDIUM CARBON MAYAR! STEEL CARBON~- MOLY 3-1/2 % NICKEL 4-6 CHROME 
sreee GRADE M STEEL KILLEO STEEL KILLED STEEL STEEL STEEL 50 MO. STEEL 


Rp |8HN| K | Rg K Rg |\BHN | K Rg |8HN| K Re |\8HN.| K | Rg | K Rg |BHN| K 
UNAFFECTED 70.0 |125.0 |147.6] 89.4 |108.6|213.9| 880) 174.0 192.0] 64.5 | 161.0 | 231.5] 90.5 | 185.0 | 233.9] 910 | 1870) 2081/|870 1999 
BASE METAL 
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155.2 | 95.7 [210.5 |241.9 | 93.0 | 197.0 | 221.6 | 90.0 | 163.0 | 192.0| 966 | 210.0 |2364] 97.6 1945 
| 
| 
| 
REFINED 165.0 
4 | 
ZONE 260 247.9 229.1 2711 3218 99.3 
FUSION 80.8 | 152.0) 168.6 233.7 2844 2196 3599 335.2 236 6 
ZONE 


Rg * ROCKWELL SCALE 


BRINELL HARDNESS NUMBER 
KNOOP HARDNESS 


WELDING PROCEDURE FOR STEELS 


. 
wai 
‘ 
— Fig. 13 ‘ 
| 
‘6000 | | 
300 : TO LoaD a 
400 
; 
‘ 
1946 743-s 


PI 
12 i9 is iv ic 


= 


li ii 


NI ONT 
1108 BOs 210 NMOHS ONVONVIS SY HH if 
SWIONNd 40 MNVHS ONY 3S¥G ONILNNOW aE 
0,038 ; 
ty. 


8O4 


| at 
' 4. | 


SP 


i 
Ll, 


ate 


H 


(0,038 2) aM 
+- 


| 


+ 
744-5 


ONIONSE NI 


NOILISOd NI OIF 40 


Sif ONIGN3S 378Visnrav 


| 
Aes 
= 
anc 
———t srs ciet 
a . 
T stre 
: Ly ¥o dra 
< 
© 
7 
z 
di 
T 
5 
2 
| 
= 
pos 
4 
| 
\ 
Me 
WELDING RE 


the high frequency heating time was lowered in accord- Tables4and5. The analysis of the results of the above 

ance with the chart as given above. tests, and reference to the photomicrographs reveals the 
For those steels, for which the effect of the 600° F. following: 

preheat and simulated interpass temperature was insuffi- 


cient, postheat treatment was applied at the usual stress 1. The method pursued to determine the optimum 
relief levels and in addition for at least one steel the welding procedure employing the change of 
stress relief treatment was followed by a low temperature notch sensitivity of the heat-affected zone as the 
draw to render the notch sensitivity of the heat-treated criterion gave results for steels familiar to a large 
zone comparable to that of the material in the as-received group of industrial users as being in full agree- 
condition. Finally, sections of the above steels in all ment with the general practice applied to each 
the heat-treated conditions were examined microscopi- of the steels used in course of the test. 

cally and explored for hardness by the applicable devices. 2. The results of the notch bend tests are also corrobo- 


The details of the results of the above tests are given in rated by those of the hardness surveys and by 
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NO PREHEAT 250°F PREHEAT |350°F PREWEAT | 400°F PREHEAT | 500°F PREHEAT \S00°F PREMEAT-A |500*-PREHEAT-B \600* F PREMEAT |600*PREMEAT- C |600° PREMEAT 
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KILLED STEE REFINED 
HEATED 
UNAFFECTED } rays 
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canson 96.8 |214.5 261.4 94 94.5/200 9/2 or | 
| | 206.2 216 9) | | 
le 241 8| 95.5) 2095/2419] 95.0) 207.0|216.9] 94.0 202 
+ 
UNAFFECTED | 9708) 170.0 18) 1/8708 170.0) 181.1 |87.08) 170 87.08) (70.0 | 181.1 161.1 170.0) 181.1 | | 
META | —+ — + + + _— 
TRANSITION |34.0¢ 0| 226.2| 96.09) 207.0|226.2|940, 0|226.2 940, 0|2262|930, |1970 |212 5 |870,| 1700 /195.9 | | 
REFINED | 264 9 252.9 / \ 226 2 
laos 05735 375, |357.01280.7|37 5,|387.0|264.9| / |37.5, [357.0 264.9210, 229.0|2649|87 0,170 0/161! 
| | | = 
- 
UNAFFECTED 7.0,|170.0 | \. / | 187 Og | 170.0| 202.:0/87.0, |170.0 /87.0, | 170.0 
CHROMIUM 0,192 192.0 92 Og | 1920 202.4 NA 192.0g |192 0 |202 0192 0, 0 5 | NONE |NC 
MOLYBDENUM STEEL REFINED | NONE NONE | NONE YN NONE } YN NONE| NONE NONE 
37 |357.5) 271.1 1 27) if | | \ |271 | |3875 |2717 1998 
L | | | 
NUMBER A-COQLED WITH FURNACE C*COOLED WITH FURNACE AT PREHEAT TEMP 
WOTE: POST TREATMENT- R VEO aT 1350°F DEAD ANNEAL 900°F DRAW 
KNOOP HARDNESS STRESS RELIEVED AT 1200 D+ 1350°F DE 
LETTER DENOTES ROCKWELL HARONESS SCALE 
USED 


TABLE 6 


NOTCHED - BEND TEST DATA TENSILE DATA OF 


FURNACE TREATED SPECIMENS 


PLATE NO AS RECEIVED HEAT TREATED CHEMICAL ANALYSIS TENSILE OATA | | 
2r 2r Si | P S| mw rs ra | ann 
+— + 78,300 ($2,000 | 310 655 

SATISFACTORY | SATISFACTORY) BORDERLINE | SATISFACTORY) 15 | 29/1 12/020! O20 O47 12 | 023) | oO 74,800 360 71.5 144 1 i 

— 4 + + +—+ + + + + + + + - 4 
| | @2,900 $4.10 5 

FAILURE 14 | .38 | 1.14] 038] .069| 14 | 030) 12 |“o1| | 038 | 006! 73,800) 50,800/ 35.0 | | 181 | 08-9 

| | | | 490 77,000 | $0.50 

490 BORDERLINE 17 | 30 028) .020|.08@ 10 | 17 | 005) O19) 76,100 49,750) 350 | 67 0 | 146 we nd 

= — +—_—++ + + + 4 4 + + + + + — 
| < | 

soe FAILURE sorvertine | 17 |.25 |115 | 034/039) 080! 13 | 023 er |“or 010 | 016 | 73,000| 52,800/36.0 | 66.0 | 148 [78,000 49,700 | | 638 

503 SATISFACTORY BORDERLINE SATISFACTORY) 14 | 30/123) | 15 | 029) 26 | 036 013 | 010 | 72,800/ 48,100 | 38.0 | 70.7 | 138 $03 75,900 $0,300 | 684 

FAILURE BORDERLINE 16 | .25 oso, ore 034 | oes) or | os | D1 | G08 |.016 | 68,800 |47, 400) ° ? | iss so¢ 76,600 (47,600 640 
i i i 
NOTES: - BENDING RADIVS 25+ 3/4", ST 1-178" CHEMICAL ANALYSES AND- TENSILE DATA SUPPLIED BY NRL 
WOTCH RADIVS 3/32", DEPTH 
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TABLE 7 


HARDNESS DATA FOR HIGH TENSILE STEELS 


PLATE 471 


PLATE 487 PLATE 490 PLATE 502 PLATE 503 PLATE 504 
KNOOP KNOOP KNOOP KNOOP KNOOP Te P| 
|BHN |BHN. R H.N. |BHN. R_ |BHN. R_ 
8 H.F.| W. | HLT. | HE] WwW. HF.) W. | H.F| W. | HF.) 8 HF) Ww. 
UNAF 
83.0 |156 |172.7) —| — | 61.0 |149 fe6.4| —| —|79.5 |144.5 —| —|62.0 — | — $777; — | — | 78.0/140 — | 
METAL 
86.0 |166 |186.0, — | — |#3.0 |156 —| —/ 63.0 ji939| —| — — | —|e1.0 |149 — | 
REFINED 
ZONE | 67.0 |170 |190.0/ — | —— |86.0 |166 188.3) —| —| 86.0166 — | — |90.0/183 — | —|e9.5 |176 —| — les.olies — 
ICOARSENED 
Zone | 9!-5 |183 |203. .4|90.0 [183 |203.9195.9/196.3/91.0 |187 215.6/92.0 |192 |174 


NOTES: * ROCKWELL HARONESS NUMBER SCALE 


B.4.N.* BRINELL HARONESS NUMBER 
H.F.* HIGH FREQUENCY SPECIMEN 
WwW. WELDED ASSEMBLY 
H.T. © HEAT TREATED IN FURNACE 


the evidence rendered by the photomicrographs, 
particularly in comparing unaffected base metal 
and the heat-affected zones from welds and the 
zones heated by high frequency. 


To evaluate the sensitivity of the procedure it was 
applied to determine the relative serviceability of six 
high-tensile steels representing five sources. As shown 
in Table 6, the chemical composition and the mechanical 
properties of these steels were comparable. The photo- 
micrographs on Figs. 8 and 9, represent the two distinct 
groups of microstructure found in these steels. Figure 
8 represents steels 490, 502 and 503;. and Fig. 9 num- 
bers 471, 487 and 504, respectively. The test results of 
the notch bend tests given in Table 6 show that employ- 
ing the high frequency treatment from room tempera- 
ture, which corresponds to welding unpreheated and ob- 
serving a maximum 120° F. interpass temperature in- 
creased the notch sensitivity of four of the above steels 
by lowering it from the 2T to the 37 level and for the re- 
maining two below the 37 level, as expressed by the 
borderline fracture reproduced on Fig. 10 where it is con- 
trasted with “failure” on Fig. 11 as applied to specimens 
which developed defects on having deformed to the 
capacity of the applied jig. 

Table 7 shows the results of the hardness survey per- 
formed on transverse sections of companion specimens 
heated at mid-length to 2150° F. in 47 sec. by means of 
the single-turn high-frequency coil. 

The results of the above-described tests were publicized 
and various types of steels were subsequently sent in for 
the determination of the applicable welding procedure 
to be based on the proposed criterion of unimpaired 
notch. sensitivity at the heat-affected zone. 

Of the various types of steels submitted there was one 
of a rather complex composition. The data given in 
Table 8 indicate the three series of tests performed to 
cover the three applicable conditions of welding for air- 
hardening steels, namely: 


Group A—Medium preheat, no postheat. 

Group B—High preheat, high postheat. 

Group C—None or low preheat, low interpass tempera- 
ture, followed by moderate draw. 


For martensitic type steels the applicable welding 
procedure was found to fall into the above “C” group 
which consisted of the application of low preheat and 
interpass temperature followed by a temper draw. 
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The hardness survey in Table 9 indicates the complex 
behavior of a martensitic steel and furnishes corrobora- 
tion between hardness values and results of the notch bar 
tests. 

The procedure is being currently applied to evaluate 
the suitability of semikilled steels of ship-hull quality and 
to determine the optimum welding procedures for a 
variety of cast carbon-molybdenum steels. 

At present, further investigations are underway tc 
determine the suitability of */s- x 1'/2- x 8-in. notched 
bar specimens to evaluate the subnormal temperature 
level at which a steel having a ductile fracture at normal 
temperature becomes brittle, i.e., the so-called transition 
temperature. The investigation embraces steels in the 
as-received condition and also subsequent to high fre- 


TABLE 8 
«| 
$| S*| oF cooung |RATE OF COOLING REMARKS 
=| * | 
1 | 500/445} INAIR NONE FAILED-6T SNAP FRACTURE 
COOLED IN FCE wiTH FROM 
2 | 500 | 445 | NONE) sone AS ABOVE 
COOLED IN FCE.| | WITH FCE. FROM 
3 | 500| 44.5 |COOLED wone| FAILED AS ABOVE 
COOLED IN FCE WITH FCE FROM |FAILED-WOOOY TEAR 
4 | 750 | 42.0) 750¢F NONE) 50°F LAMINATED STRUCTURE 
5 |750/}420| IN AIR 1250 | FAILED AS ABOVE 
6 |750 | 420 IN AIR 1500 | | FAILED~ SNAP FRACTURE 
& WITH FCE FROM|PLUS 900°F DRAW 
7 |750| 420 IN AIR 1500 AB 
PLUS 900°F DRAW 
| 750 |420 IN AIR 1800} IN AIR 
9 |NONE| 49.0 | STEEL QUENGH | 900 IN AIR U-SHAPE BEND AT"6T" 
WITH FCE FROM - RACTURE 
10 1000 | FAILED~ SNAP F 
|NONE} 49.0] 600 IN AIR U-SHAPE BEND AT "6T" 
12 |NONE|49.0| “ 700 IN AIR 
& 
©] 13 |NONE}490 | * 4 800 IN AIR . 
|NONE|49.0 | 1100 IN AIR FAILED -SNAP FRACTURE 
15 |250|470 | 900 IN AIR U-SHAPE BEND AT "6T" 
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TABLE 9 


HARDNESS SURVEY OF HIGH FREQUENCY SPECIMENS 


KNOOP HARDNESS NUMBER 
POST HEAT REFINED | UNAFFECTED | 
ZONE ZONE ZONE | BASE METAL 


SAMPLE 
NO 


PREHEAT 


900° F | 
arcoo. | | 631.72 | 488.03] 421 41 


NONE 


607.22 | 


wone | 318.46 | 603.06 427.63 


700°F 
AIR COOL 

800°F 
AIR COOL 


NONE 361.52 | 533.70 | 549.52 | 359.99 


NONE 452.80 452.80 440.30 333.04 


900°F 


F 
AIR COOL 


4865.95 423.34 393.66 417.13 


RONESS SURVEY OF 
SINGLE | 300°F 
SEAL MAX 
BEAD 250°F 

WELO MIN 


DOUBLE 


TRANSVERSE WELD SECTIONS 


505.00 | 


343.25 


quency heating under conditions which represent the 
normally applied welding procedure for each steel tested. 


Equipment 


The power demand with the coil loaded with the speci- 
men is 15 kw. and at no load approximately 10kw. Thus 
the power input to heat the '/,-in. wide band at mid- 
length of the */s- x 1'/2- x 8-in. specimen is 5 kw. 

Part of the power loss is accounted for by the loose 
coupling between coil and specimen. This design fea- 
ture assures uniform heat development throughout the 
portion of the specimen within the coil and avoids over- 
heating the sharp corners. 

The high-frequency génerator is the electronic type 
shown diagrammatically in Fig. 12. The coil, which is 
fabricated from '/,-in. diameter copper tubing is similar 
in construction to that shown on Fig. 1 and is readily 


produced by any laboratory technician. The heating 
jig is a transite block of simple construction, which rests 
on an adjustable device to permit centering the specimen. 

For preheating the specimens a low-frequency induc- 
tion furnace isemployed. This apparatus, also a labora- 
tory product, equipped with automatic temperature reg- 
ulating control, is shown on Fig. 13. The details of 
the adjustable bending jig are shown on Fig. 14. 

The specimens are produced by sawing and shaping 
and the notch by milling using a circular milling cutter 
whose tooth radius is */s. in. or by shaping employing a 
cutting tool ground to the above radius. 


Conclusions 


The procedure described above employs a synthetic 
method to reproduce the heat-affected zone created in 
weldments of steel by arc welding. Applying the 
synthetic heat treatment from various preheat levels it 
was found practicable to create metallurgical changes 
within the heated zone which compare with the heat- 
affected zones of weldments produced under comparable 
preheat and interpass temperature levels or which were 
submitted to the same postheat treatment. 

The results of the notch bend test employing plungers 
of graduated radii are practicable for use as an index of 
suitability of a steel and for selecting the welding pro- 
cedure for the optimum serviceability. The procedure is 
suitable to evaluate the notch sensitivity grade of each 
heat or shipment of steel and is readily applicable and 
capable of being interpreted by laboratory technicians 
or inspectors» 

While the procurement of the 20-kw. capacity high 
frequency generator represents a considerable investment, 
it is regarded inconsequential in view of the many other 
applications it is capable of performing in any laboratory 
or production plant, when not employed in treating the 
specimen bars to determine change of notch sensitivity 
of a steel or the optimum welding procedure for it. 

The author expresses his appreciation to Lt. Comdr. 
L. H. Travis and Lt. (jg) L. M. Diran and N. L. Navarre 
for their valuable assistance in developing the above- 
given Method. 
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Arc Atmospheres and Underbead 
Cracking 


By Manley W. Mallettt and Perry J. Rieppelt 


Introduction 


gaged in metal-arc welding of hardenable alloy steels 

to find cracks in the base metal close to the fusion 
line of the welds. These underbead cracks frequently 
occur when welds are made with ferritic electrodes hav- 
ing coatings which contain cellulose or other hydrogen- 
containing combustibles, and can be avoided by using 
austenitic stainless steel electrodes or ferritic electrodes 
with hydrogen-controlled type coatings. The extent of 
cracking may be controlled by preheating and post- 
heating, which decreases the rate of cooling following 
welding. However, supplementary heating of many 
structures is impractical, and stainless-steel electrodes 
produce weld deposits with metallurgical properties 
widely different from those of the base plate. Both of 
these controls add to production costs. Therefore, the 
use of austenitic stainless-steel electrodes or slow cooling 
of the weldment may not always be the best solution to 
the problem. 

The elimination of underbead cracking became a mat- 
ter of considerable urgency during World War II, when 
shortages of chromium and nickel necessitated the find- 
ing of suitable substitutes for stainless steel. Ideally, 
this called for an inexpensive ferritic-type electrode, 
which would not produce underbead cracking in harden- 
able steels, but which would deposit metal with harden- 
ability characteristics similar to the parent metal. 

A project for the development of such electrodes was 
set up by the National Defense Research Committee of 
the Office of Scientific Research and Development under 
the War Metallurgy Committee of the National Academy 
of Sciences—National Research Council (NDRC Re- 
search Project NRC 2) at the Combustion Engineering 
Co., Chattanooga, Tenn. There an electrode with a 
lime-type coating was developed which did not cause un- 
derbead cracking in hardenable steels. However, the 
early electrodes of this type had certain deficiencies in 
operating characteristics, and were prone to produce 
weld metal with considerable porosity. 

Late in 1943, a research project, NRC-76 OEMsr- 
1270, ‘‘Development of Improved Electrode Coatings,”’ 
was set up at Battelle Memorial Institute, by the Office 
of Scientific Research and Development. The investi- 
gation was conducted to obtain fundamental information 
about coatings which could possibly be used to improve 
electrodes to the point desired. The early part of the 
work was directed toward the broad questions of why 
lime-type coatings do not cause underbead cracking and, 
conversely, why such cracking is produced by conven- 
tional types of low-carbon steel electrodes. The objec- 
tive was an electrode coating which would combine the 

* Scheduled for Seam Annual Meeting, A.W.S., Atlantic City, 
N. J., week of Nov. 17, 1946. 


t Research Engineer and Welding Engineer, respectively, Battelle Memorial 
Institute, Columbus 1, Ohio. 


|: HAS been the disturbing experience of those en- 


good operating characteristics of A.W.S. Class E6010 
and E6020 electrodes with the noncracking properties of 
the lime-type electrodes. 

In the past, electrode coatings have been formulated 
to produce are stability, proper fluidity of metal and slag, 
good slag coverage, easily removable slag, satisfactory 
alloy content of weld deposit, generally good operating 
characteristics, and a gaseous shield capable of protecting 
the molten weld metal from oxidation and nitrogen pick- 
up. - Of all these points, the one on which the least infor- 
mation is available is the gaseous shield. Considerable 
work has been done by G. E. Doan! and his associates on 
welding with bare electrodes in atmospheres comprised 
of various gases, but the quantity and composition of 
gases evolved during metal-arc welding with coated elec- 
trodes have received relatively little attention. The 
principal contribution is that of Larson,? who pointed the 
way in this field by his determination of gases evolved 
from cellulosic-type electrodes, while welding in a closed 
chamber. 

The effects of gases in steel and weld metal have been 
of growing interest during the past few years. Zapffe 
and Sims* in a comprehensive investigation showed that 
hydrogen, which is present in welding electrode coatings 
as organic compounds and mojsture, is related to such 
weld-metal defects as fish-eyes, fissures and embrittle- 
men. Hoyt, Sims and Banta‘ have expressed their be- 
lief that underbead cracks are caused by the precipita- 
tion of hydrogen from residual austenite in the heat- 


affected zone during its transformation at low temper-’ 


atures. Herres® made the significant demonstration of 
the relationship of hydrogen-containing compounds in 
electrode coatings to underbead cracking. British inves- 
tigators have made studies similar to those of American 
investigators regarding the relation between potential 
hydrogen in electrode coatings and underbead cracking’, 
the amount of hydrogen dissolved in weld metal’ and the 
diffusion of hydrogen in steel at room temperature.® 

With this background, it appeared desirable to make a 
complete study of the gases evolved from coated elec- 
trodes during welding, and to correlate results with the 
known ingredients of electrode coatings, the operating 
characteristics of the electrodes, underbead cracking of 
alloy plate and the gas content (particularly hydrogen) 
of weld-metal deposits. Accordingly many experimental 
and commercial coated electrodes were tested and, on the 
basis of the results obtained, further work was done in 
which synthetic gaseous atmospheres, similar to those 
evolved by coated electrodes, were passed through the 
arc during welding with hollow electrodes. The effects 
of these atmospheres upon the arc characteristics, and 
the properties of the deposited metal, were studied. 

The present paper discusses the experimental methods 
used and the results obtained. The several phases of the 
work covered are as follows: 


1. Details of apparatus and procedures used. 
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Arc-atmosphere compositions and their relation to 
underbead cracking. 

Synthetic arc atmospheres and underbead crack- 
ing. 

Changes in composition of synthetic arc atmos- 
pheres on passing through a metal arc. 

Hydrogen and underbead cracking. 


Apparatus and Experimental Procedures 


The Collection of Gases Evolved by Coated Electrodes During 
Metal-Arc Welding 


Arc atmospheres were collected and sampled by means 
of the apparatus shown in Section A of Figure 1. Elec- 
trodes were consumed by automatic metal-are welding in 
a closed chamber. The evolved gas passed through a 
glass-wool filter, a low-temperature (dry ice) moisture 
trap and a weighed drying tube, and then for collecting 
and measuring its volume, it was passed into a graduated 
cylinder in which it displaced a saturated solution of 
sodium sulphate. After collection it was sampled for 
analysis. 

The arc chamber and glass-wool filter were enclosed in 
an insulating housing. The temperature inside the hous- 
ing was maintained at 230° F. to prevent condensation 
of the moisture from the arc atmosphere before it reached 
the low-temperature moisture trap and the weighed dry- 
ing tube. The trap supplemented the weighed drying 
tube to insure collection of all the water when gas was 
generated at high rates. The arc chamber was heated 
or cooled, as desired, by steam or cold water introduced 
into a jacket around it. 

The apparatus was designed so that the electrode being 
tested was completely within the closed system to prevent 
loss of free moisture to the outside air. Contamination 
was avoided by eliminating rubber seals in the line. All 
gaskets used near the heated part of the arc chamber 
were made of lead to reduce the possibility of gaseous 
contamination of the arc atmosphere. Prior to each run, 


the entire collection train was purged with dry. helium. 
The apparatus inside the insulating housing was then 
heated rapidly to 230° F. A fan circulated the air in- 
side the housing to insure a uniform temperature, which 
was checked by thermocouples in the top and bottom of 
the arc chamber, and a thermometer in the air stream. 

Approximately 6 in. of electrode was consumed during 
each test, the weld metal being deposited on a small steel 
block (new piece for each test) electrically grounded to 
the bottom of the arc chamber. At the completion of 
the welding, the temperature of the arc chamber and ap- 
paratus inside the insulating housing was lowered to 
230° F. The volume of the generated gases was then 
read, and a sample of the gas was removed from the 
collection cylinder and analyzed for hydrogen, carbon 
dioxide and carbon monoxide by a standard Burrell- 
Orsat unit. 

The refrigerant was then removed from the moisture 
trap, and heat was applied. The moisture in the trap 
was carried over to the weighed drying tube by a slow 
stream of dry nitrogen. The gain in weight of the dry- 
ing tube represented the water evolved by the test elec- 
trode during welding. 


Determination of Free and Combined Water in Electrode 
Coatings 


It was decided to determine the free and combined 
water in the coatings of all electrodes used, and to corre- 
late these data with the hydrogen content of the arc at- 
mosphere collected, because previous evidence suggested 
that some defects in weld metal are caused by hydrogen 
obtained from moisture in electrode coatings. The fol- 
lowing method of moisture determination was designed 
particularly for electrodes containing no organic matter. 

A sample of coating was stripped from the core wire 
and crushed in a mortar. This was done rapidly so that 
a minimum change in the moisture content occurred dur- 
ing the process. The sample was then weighed, placed 
in a porcelain boat and inserted into a Pyrex combustion 
tube surrounded by a tubular furnace (see Fig. 2). A 
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Fig. 1—Schematic Diagram of Apparatus for Passing Gases Through the Arc, or for Collection of Arc At- 
mospheres Produced by Metal-Arc Welding Electrodes 
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Fig. 2—Schematic Diagram of Apparatus for the Determination of Moisture in Welding-Electrode Coatings 


slow stream of dry nitrogen was passed continuously 
through the combustion tube to carry the liberated water 
into a weighed drying tube. A seal of concentrated 
sulphuric acid at the end of the train prevented atmos- 
pheric moisture from passing back into the drying tube. 

Moisture evolved from welding-electrode coating ma- 
terials, upon heating at 220° F. for 1 hr., was designated 
as free water, and that evolved upon further heating at 
1000° F., for 1 hr., was designated as combined water. 
The latter temperature was chosen for the determination 
of combined water because most electrode coatings con- 
tain either or both sodium and potassium silicates, and 
data on the elimination of moisture from these com- 
pounds indicate that all except traces of combined water 
are eliminated from them in 1 hr. at 1000° F. 

The above method of determining combined water was 
used instead of the simpler loss-in-weight method be- 
cause tests showed that an appreciable part of the weight 
lost by lime-type coatings at 1000° F. was carbon dioxide. 

Electrode coatings containing considerable cellulose 
formed a condensate in the outlet end of the combustion 


tube that did not disappear with time, as was the case with- 


condensed water. The combined water data for cellu- 
lose rods may be slightly high because of the collection 
of some of the fractional decomposition products of cellu- 
lose, other than water. However, it is believed that this 
contamination was not large because these products have 
higher boiling points than water and the condensation 
took place some distance from the drying tube, leaving 
the tube immediately adjacent to the drying agent clean. 
It is also well to consider that in the case of cellulose-type 
coatings, the total moisture does not represent the total 
potential hydrogen because a considerable amount of 
hydrogen is contained in the decomposition products 
mentioned above. 


Underbead Cracking Tests 


Underbead cracking tests were made with each elec- 
trode studied. The data from these tests were corre- 
lated with arc atmosphere analyses, coating moisture and 
coating ingredients. Test No. 1, used during the first 
part of the investigation, was replaced by an improved 
test No. 2 for the subsequent work. Therefore, under- 
bead cracking is reported by two methods in this paper. 

In test No. 1, three weld beads, each 5 in. long, were 
deposited with */,-in.-diameter electrodes on a l- x 
4'/,- x 7-in. alloy steel plate as shown in Fig. 3. Bead 
A was deposited at a rate of 5 in. per minute; bead B at 
6 in. per minute; and bead C at 8 in. per minute, with 
the plate at a temperature of 80° F. prior to the deposi- 
tion of each bead. 

The welds were made with an automatic welding ma- 
chine, using direct current and reverse polarity (electrode 
positive) for all electrodes. The welding current and 
voltage were approximately the same for all test elec- 
trodes. 
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After welding, the plate was allowed to cool in still air 
at room temperature, and was then flame cut between 
beads into three sections. The bars thus formed were 
cut across the weld at five sections using a wet abrasive 
cut-off wheel. Finally, the 15 sections were polished and 
magnafluxed to disclose underbead cracks in the plate. 

In general, the greater number of cracked sections 
were usually found under the beads deposited at 8 in. per 
minute. This was expected because of the lower heat 
input and the greater rate of cooling associated with the 
faster weld deposition. 


Fig. 3—Weld-Bead Specimen for Type 1 Underbead Cracking 
est, Showing Location of Sections and a Typical Section 
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Fig. 4—Type 2 Underbead Cracking Test Specimen 


In the analysis of the incidence of cracking, all 15 sec- 
tions in a plate were considered together, with no regard 
for the speed of welding. Thus the underbead cracking 
was reported as the number of cracks out of 15 sections. 
These figures gave no indication of the distribution of the 
cracked sections among the three beads. 

With this test, it was difficult to determine the total 
amount of cracking for a single test plate. Therefore, 
to obtain a better quantitative index of cracking, test 
No. 2 was devised and used in subsequent underbead 
cracking studies. In this test, three 3-in. weld beads 
were deposited by automatic welding on a 6- x 6-in. 
piece of 1-in. alloy steel, as shown in Fig. 4. 

All welds were made at 8 in. per minute, because it was 
learned from test No. 1 that this rate produced the max- 
imum cracking. The same machine settings and weld- 
ing times were used for all tests. The plate was at room 
temperature at the start of the first weld and was cooled 
in still air to room temperature between welds. After 
the last weld was finished, the specimens were stored in 
a temperature-controlled cabinet at 60° F. for 24 hr., 
and were then stress relieved at 1050° F. for 1 hr. Fol- 
lowing stress relief, the welds were sectioned longitudi- 
nally through the center of the bead. One section of each 
weld, as shown in Fig. 4, was polished and magnaflux in- 
spected for underbead cracks. The total length in inches 
of underbead cracks in the three sections was divided by 
nine (the total length in inches of the three welds) to 
give the per cent of underbead cracking. 


Arc-Atmosphere Compositions and Underbead 
Cracking 


The volumes of gas evolved by */,-in. commercial 
electrodes ranged from about 110 cc. per inch of electrode 
burn-off for low-hydrogen, lime-coated types to 255 cc. 
for E6013 types. Cellulose-containing electrodes yielded 
about twice as much gas as those with lime-type coat- 
ings. Water collected from the arc atmosphere was cal- 
culated as water vapor at standard temperature and 
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pressure and was added to the volume of other gas to 
give the total volume of the atmosphere produced per 
inch of electrode. Figure 5 and Table 1 give the arc 
atmosphere and underbead cracking data obtained with 
the various electrodes tested. 


E6010, E6012 and E6013 Electrodes 


The volumes of gas per inch of burn-off and their analy- 
ses were similar for the E6010, E6012 and E6013 elec- 
trodes. 

A typical E6010 electrode yielded about 220 cc. of gas 
per inch of burn-off, which analyzed 16% water vapor, 
41% hydrogen, 40% carbon monoxide and 3% carbon 
dioxide. This electrode produced underbead ‘cracking 
in 11 out of 15 test sections (Type 1 test). Typical 
E6012 and E6013 electrodes produced about 250 cc. of 
gas per inch, which was composed of about 18% water 
vapor, 37% hydrogen, 42% carbon monoxide and 3% 
carbon dioxide. These electrodes produced underbead 
cracking in an average of 12 out of 15 test sections. 

The volumes of arc atmospheres and their hydrogen 
content varied considerably with the free moisture con- 
tent of electrode coatings. An E6010 coating was 
steamed, increasing its free moisture from 2 to 24% 
order to increase the hydrogen content of its arc len, 
phere. This electrode caused cracking in 14 out of 15 
test sections, but the electrode also produced 13 cracks 
out of 15 sections when used in the normal condition. 
These results indicated that an increase in hydrogen 
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Table 1—Commercial Electrodes; Moisture in Coatings and Analysis of Arc Atmospheres 


E6010 E6013 £6020 
ind of Electrode Low-Hydrogen, Lime-Coated Cellulose Rutile Mineral 
Type Type 
Code No. Cl C2 C3 C3a* c4 C5 ae 
Weight of Coating,g./in. 1.62 1.02 1.04 1.04 0.34 0.68 1.05 
Pree (220°F.) 0.20 0.20 0.64 Wil 3.88 2.85 0.92 
Moisture] % by Wt. < Combined (1000°F.) 0.39 0.35 0.66 0.33 10.42 7.46 70 
of Total 0.59 0.55 1.30 0.33 14.30 10.31 62 
Coating 
As vapor {Free (220°F.) 4.0 2.5 8.3 Mil 16.4 24.1 12.0 
cc. /in. Combined (1000°F.) 7.9 4.5 4&3 44.1 63.1 48.3 
S.T.P. Total 11.9 7-0 16.9 4&3 60.5 87.2 60.3 
Total gas collected,cc./in. 115 123 116 =:107 219 254 143 
Water vapor,cc./in. 7 1 10 2 36 uy 
Hydrogen, cc./in. 11 7 10 2 89 93 60 
Carbon monoxide, cc./in. 89 95 80 83 88 107 4g 
Carbon dioxide, cc./in. 8 20 16 20 6 10 a 
Water vapor, % volume 6 1 2 16 
Fydrogen, volume 10 6 2 
Carbon monexide, % volume 77 7 68 77 40 ra 34 
Carben dioxide, % volume 7 1 14 19 3 4 4 
Incidence of underbead cracking 0/15 0/15) «0/15 11/15 12/15 11/15 


* Baked at 600°F. for one hour before using. 


above a certain concentration in arc atmospheres has 
little further effect in producing cracking. 

Batches of the same brand of E6010 electrode were 
dried by roasting at a number of temperatures from 200-— 
600° F. for varying periods of time, and the volume of 
their arc atmospheres, which was principally hydrogen 
and carbon monoxide, was decreased and their cracking 
tendency lessened. When a batch of these electrodes was 
roasted at temperatures of 500-600° F., destructive dis- 
tillation of the cellulose in their coatings occurred, which 
reduced the hydrogen of their arc atmospheres. One 
batch of these electrodes, roasted at 600° F. for 18 hr., 
produced atmospheres very low in hydrogen and no 
underbead cracks in the test plate. However, it will be 
quite evident to those familiar with welding that such 
major changes in the composition of the cellulosic elec- 
trode coating detracted from their operating character- 
istics. 

Another batch of E6010 electrodes, roasted at 600° F. 
for 18 hr., was then steamed. This produced a moisture 
content in the coating of 24% by weight. The steamed 
electrodes produced underbead cracking in 10 out of 15 
samples. This showed that it made no difference 
whether the source of hydrogen was cellulose or free mois- 
ture, because underbead cracking occurred whenever 
either was present in sufficient quantity. 

Another batch of similarly roasted electrodes was 
moistened and then dried at 220° F. to remove free mois- 
ture. These electrodes produced underbead cracking 
in 8 out of 15 samples. It appeared that a portion of the 
added moisture remained in the electrodes as combined 
water, which produced enough hydrogen to cause crack- 
ing. 

Arc atmospheres of both normal or roasted E6010 elec- 
trodes contained only small amounts of carbon dioxide, 
while the major constituents were carbon monoxide and 
hydrogen. The change in the percentage of hydrogen 
was the most significant difference between arc atmos- 
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pheres produced by normal and roasted electrodes. This 
indicated that decreases in the incidence of cracking were 
the result of a decrease in the amount of hydrogen pro- 
duced during welding, rather than a change in the amount 
of any other constituent. 

Tests were made on another group of E6010 electrodes 
in which the normal cellulose content, in one case, was 
replaced by cellulose which was roasted before mixing 
into the electrode coating, and in another case by pow- 
dered anthracite coal. The hydrogen content was con- 
siderably reduced by these treatments, but not suffi- 
ciently to prevent underbead cracking. It is probable 
that the moisture in these coatings was the source of 


some of the hydrogen, and added to the cracking ten- 
dency. 


E6020 Electrodes 


A.W.S. Class E6020 electrodes produce only about 
60% as much gas as the E6010 electrodes, or about 140 
cc. of gas per inch. Analysis of this gas showed 21% 
water vapor, 41% hydrogen, 34% carbon monoxide and 
4% carbon dioxide which does not differ greatly m hy- 
drogen from E6010. Underbead cracking was produced 
in 14 out of 15 weld test samples with this type of elec- 
trode. 


Low-Hydrogen, Lime-Coated Electrodes 


The arc atmospheres produced from electrodes with 
lime-type coatings were notably different from those of 
the electrodes previously discussed. As indicated in 
Table 1 and Fig. 5, the average volume of gas obtained 
per inch of electrode was about 120 cc., which contained 
1 to 8% water vapor, 5 to 10% hydrogen, 70 to 75% car- 
bon monoxide and 6 to 19% carbon dioxide. The water 
vapor and hydrogen contents of arc atmospheres from 
these electrodes were much lower, and the carbon mon- 
oxide and carbon dioxide contents were considerably 
higher than for arc atmospheres produced with other 
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types of electrodes. This class of electrodes caused no 
underbead cracking in crack-sensitive alloy steel. 

Samples of a commercial and an experimental lime- 
type coated electrode were steamed to increase the free 
moisture content of the coating from the notmal 0.5% by 
weight to 6% to study the effects of moisture on under- 
bead cracking. This increased the volume of hydrogen 
in the arc atmosphere, but the welds made with the wet 
electrodes did not have underbead cracks. The volume 
of hydrogen produced by the wet electrodes (44 to 54 cc. 
per inch) was comparable to that of some of the cellu- 
lose-type electrodes, which produced cracking in 10 out 
of 15 samples. It is interesting, therefore, that the wet 
electrodes did not cause cracking. It is unfortunate that, 
during this phase of the investigation, the method of 
measuring water vapor in the arc atmosphere had not 
been satisfactorily developed so that, although it was 
known that the absolute volume of hydrogen was in- 
creased, it can only be surmised how its relative propor- 
tion in the total are atmosphere was affected. As pre- 
viously pointed out by one of the authors,’ the amount 
of hydrogen theoretically dissolved in the weld pool de- 
pends upon the partial pressure of hydrogen in the arc 
atmosphere. Therefore, it seems unlikely that the pro- 
portion of elemental hydrogen in the arc atmosphere was 
increased to any great extent by moistening these elec- 
trode coatings, even though the total volume of gas col- 
lected was increased. Experimental data supporting 
this theory will be discussed later. 

An experimental lime-type electrode was coated with 
Picein wax, which is a source of hydrogen. ‘This treat- 
ment markedly increased the volume of hydrogen and 
carbon monoxide in the are atmosphere. . One test plate 
showed no cracks while another contained two cracked 
sections out of 15. This was the only instance of crack- 
ing produced by the lime-type electrodes. 

Another group of tests was made with an experimental 
lime-type coated electrode with varying cellulose addi- 
tions (3.6 and 6.9%) to the coating. The addition of 
cellulose increased the volume of hydrogen per inch of 
electrode burn-off, but the carbon dioxide content was 
decreased because the cellulose replaced part of the nor- 
mal calcium carbonate content. These cellulose-con- 
taining lime-type electrodes produced more hydrogen 
than normal Jime-type electrodes, but not enough to 
cause underbead cracking. Further increases in cellu- 
lose content were abandoned because even the small 
additions used caused considerable weld porosity and 
poor operating characteristics. 


18-8 Stainless Steel Electrode 


18-8 stainless steel electrodes (lime-type coating) were 
tested in the normally dry and in the experimentally 


moistened conditions. The hydrogen content of the arc 
atmosphere increased from 5 to 16% by volume when the 
coating moisture content was increased from 0.7 to 3.5% 
by weight. Neither the dry nor wet electrodes produced 
underbead cracking. 


Experimental Electrodes 


During the course of this investigation it became in- 
creasingly evident that if the effects of various coating 
ingredients upon arc atmospheres were to be aceurately 
determined, electrodes with coatings of known composi- 
tion would have to be used. Therefore, it was decided 
to develop experimental electrode coatings, because the 
coating formulas of most of the commercial electrodes 
used were not available. 

Five electrode coatings were formulated, as shown in 
Table 2, using the information gained from the study of 
‘the arc atmospheres of commercial electrodes as a guide. 
It was thought than an abundance of hydrogen-free gas, 
evolved at lower temperatures, might give some of the 
desirable characteristics of the cellulose-type coatings, 
without the deleterious effects of hydrogen evolved from 
cellulose. Raw magnesite was selected as a constituent 
because it released carbon dioxide at lower temperatures 
than calcium carbonate, which is ordinarily used, and 
was, therefore, expected to give carbon dioxide over a 
greater range of temperature, thus providing a more effi- 
cient are shield. 

The ferroalloy ingredients were held constant for the 
five coatings. Asbestos, titanium dioxide, and other 
mineral ingredients were varied with the carbonate con- 
stituents. Cellulose was added to the two coatings X4 
and X5, one of which was basically calcium carbonate 
and one basically raw magnesite, to see if the more readily 
evolved carbon dioxide, from the raw magnesite, would be 
effective in counteracting the cracking tendency of the 
cellulose. 

Asbestos was included because it carries considerable 
free and combined water, and has good slag-forming 
properties. 

The coatings were extruded on */,»-in. mild-steel core 
wire, and the electrodes were dried at 220° F. for about 

14 hr. They were then stored for ten days in a desic- 
cator cabinet at about 25°) relative humidity, so that 
the moisture content of the coating would reach equilib- 
rium. 

Just prior to testing, some of the electrodes in each 
batch were given an additional drying at 600° F. for 1 
hr. This was done in an effort to obtain further infor- 
mation on the effect of moisture in the coating. 

The improved underbead cracking test No. 2, pre- 
viously described, was used for this set of electrodes. 
The steel used for these tests had the following chemical 


Table 2—Composition of Coatings of '/\;-In. Experimental Lime-Magnesite Coated Electrodes 


Ferro- 
silicon 


(504) 


Ferro- 

manganese 

(H.C.) 


Titanium 
Dioxide 


Ferro- 
molybdenum Asbestos 


Cryolite Magnesite Marble Cellulose 


2.4 


2.4 
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Elec- 
trode a Sodium 0.D. of 
Ko. | Srand) (inch) 
xl 2.4 6.4 10.6 7-1 || 36.8 29.5 -290 
x2 2.4 6.4 |_| 10.6 7-1 36.8 29.9 
x3 2.6 7-2 2.6 - 12.6 5.2 18.6 22.7 - 22.5 0.265 . 
xu 2.5 7.1 2.5 15.0 : 40.0 5.0 27.9 
X5 2.5 7-1 15.0 40.0 5.0 27.9 
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Table 3—Experimental Electrodes; Moisture in Coatings and Analysis of Arc Atmospheres 


Kind of Electrode 


Condition of Electrode 


. Experimental Low-Hydrogen, Lime-Coated 
Dried at 220°F. for 14 Hours Dried at 220°F. for 14 Hours 
Stored in Controlled Humidity Stored 10 Days. Dried at 
Room 10 Days at 25% Relative 600°F. for 1 Hour Before 


Table 3 and Fig. 6 show that the electrode coatings 
X4 and X5 containing cellulose, and coatings X1 and 
X2 containing asbestos, had considerable free and com- 
bined water when normally baked, and gave compara- 
tively large volumes of hydrogen in the arc atmospheres 
and 81-97% underbead cracking. Additional baking of 
these electrodes at 600° F. for 1 hr. removed the free 
water and a large portion of the combined water, and 
reduced both the hydrogen in the arc atmosphere and the 
underbead cracking, as shown in Fig. 7. 

The electrode coating X3, which contained no asbestos 
or cellulose, had appreciably less free and combined 
water. It produced only 10% hydrogen and little crack- 
ing in the normal state of dryness, and no cracking when 
given additional drying. 

In all cases, the moisture collected from arc atmos- 
pheres was not equal to that available in the coatings, 
which indicated that a portion of it was decomposed by 
the arc, producing hydrogen. A definite correlation was 
noted. between the water available in the coating, the 
hydrogen produced in the arc atmosphere and the per 
cent of underbead cracking. However, there was one 
exception to this observation. Electrode coating X3, 
when dried normally, contained a greater volume of 
available moisture in the coating, and produced more 
hydrogen than electrodes X la, X2a, X4a, and X5a which 
were all additionally dried at 600° F., but caused only 
10% cracking compared to 57-81% caused by the other 
electrodes. On a percentage basis, electrode X3 gave 
the same per cent of hydrogen by volume as electrode 
X2, yet gave only 10% cracking compared to 85% pro- 
duced by electrode X2. 

The amounts of carbon monoxide and carbon dioxide 
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COMPOSITION OF ARC ATMOSPHERE, PER CENT BY VOLUME 
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600°F 


HOUR 
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Fig. 6—Proportion of Gases in Atmospheres Produced by 
Experimental Lime- and Magnesite-Coated Electrodes 
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Humidity Welding 
Code No. X5 Xla X2a X3a X5a © 
Weight of coating, g./in. 1.24 1.23 1.07 1.07 1.10 1.21 1.20 1.05 1.03 1.05 y 
Free (220°F.) 1.14 1.29 1.02 1.60 2.32 (Wal Nil il 
Moisture | % by Wt. { Combined (1000°F.) 2.55 2.43 1.11 2.98 3.38 1.06 0.99 0.29 0.91 0.90 x 
of Total 3-69 3-72 2.13 4.58 5.70: 1.06 0.99 0.29 0.91 0.90 
Coating 
As vapor {Free (220°F.) 17.6 19.7 21.3 31.7 Nil Wil Wil wil 
cce./in. 4 Combined (1000°F.) 39.3 37.2 14.8 16.0 14.€ 3.8 11.7 11.8 
S.T.P. Total 56.9 56.9 28.4 61.0 77.9 16.0 14.8 3.8 11.7 11.8 ; 
4 
Total gas collected, cc./in. 203 235 253 162 193-133 183 
2 
Water vapor, cc./in. 25 uy 14 23 26 a 16 2 3 6 
Carbon monoxide, cc./in. 121 #117) «115 160 153 114 116 106 153 139 
Carbon dioxide, cc./in. 26 22 21 29 23 u7 23 12 30 
Water vapor, % volume ; 12 17 gz 9 10 6 z 2 2 3 
Hydrogen, % volume 15 11 11 19 17 10 7 2 Sg 7 
Carbon monoxide, % volume 60 50 6 64 61 70 60 7° 83 74 
Carbon dioxide, % volume 13 22 13 g 12 14 25 17 6 16 
Incidence of underbead cracking in per 61 85 10 97 8° 57 77 Cc 81 66 
cent 
analysis: C, 0.45; Mn, 0.70; Si, 0.25; Mo, 0.50; Cr, 
1.2; V, 0.20. This plate had a higher alloy content and 
‘was more crack sensitive than the plate used in earlier WATER VAPOR 
tests of commercial electrodes. 10 
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Fig. 7—Underbead Cracking Produced by Experimental 
Electrodes Dried Additional Drying at 
F. for 


given off by the electrodes gave no clue to the cause of 
this difference in underbead cracking, and the data, in 
general, do not explain the difference. However, there 
were certain physical factors involved which may have 
had some influence in producing the observed results. 
For example, the coating of electrode X3 was more dense 
and not so thick as the coatings of the other four elec- 
trodes, and formed little or no skirt as the electrode 
burned off. On the other hand, each of the other exper- 
imental electrodes formed a long skirt of coating during 
welding. This may have made a difference in the ab- 
sorption of hydrogen by the weld metal. 

An important factor to consider is the state in which 
the water was held in the coating. Electrode 3, which 
produced, low cracking, had appreciably less combined 
water in its coating than the other four electrodes. It is 
possible that much of the free water evaporates from the 
coatings during welding before it has an opportunity to 
enter the arc, while combined water is more easily carried 
into the arc where hydrogen can be absorbed readily by 
the weld metal. 


Synthetic Arc Atmospheres and Underbead Cracking 


The above-discussed analyses of gases evolved by com- 
mercial and experimental coated electrodes during metal- 
are welding showed that hydrogen, carbon dioxide, car- 
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bon monoxide and water vapor are the chief constituents 
of arc atmospheres (other than solids) evolved from 
coated electrodes. There was a direct correlation be- 
tween the amount of hydrogen-containing materials, 
such as water and hydrocarbons, in the electrode coat- 
ings, the percentage of hydrogen in the arc atmosphere 
and the degree of underbead cracking in the test plate. 
After this information was obtained, it was thought that 
a more direct study of the effects of the arc atmosphere 
on underbead cracking could be made by using synthetic 
arc atmospheres of various combinations of hydrogen, 
carbon monoxide and carbon dioxide around the welding 
are of a bare electrode. 

Welds were made using '/,-in.-diameter low-carbon 
steel electrodes with a '/js-in. hole through the center. 
Prepared arc atmospheres were forced through the bore 
of the electrode into the arc. Trial tests with bare elec- 
trodes showed that the arc was very unstable with some 
of the gases. Therefore, to stabilize the arc, a light dip 
coating of iron oxide and calcium carbonate, about 0.005 
in. thick, was applied to the electrodes used for the rest 
of the tests. The prepared mixtures of gases were forced 
into the are at approximately 200 cc. per inch of elec- 
trode burned off, to simulate the volume of gas that is 
normally produced by A.W.S. Class E6010 coated elec- 
trodes of the same diameter. 

Underbead cracking tests were made with the hollow 
electrodes and a variety of synthetic arc atmospheres 
using the improved test No. 2 described previously (Fig. 
4). The apparatus used to prepare the gaseous mixtures 
and deliver them to the hollow electrode is shown sche- 
matically in Section B of Fig. 1. Figure 8 is a schematic 
diagram of the apparatus attached to the electrode guide 
of the automatic welder to aid in excluding air from the 
weld. 

Prior to starting each weld the system was purged with 
1000 cc. of the gaseous mixture to remove the air from 
the system and from the arc region. 

Tests were made using dry carbon dioxide, carbon 
monoxide and combinations of the two gases. Details 


AUTOMATIC WELDING 
MACHINE STICK FEED 


DRY GAS FROM 
TRAIN SHOWN 
IN SECTION B 
OF FIGURE 1 


HOLLOW ELECTRODE 


COPPER HOOD TO EXCLUDE 
AIR AND RETAIN GAS 


UNDER BEAD CRACKING 
TEST SPECIMEN 


Fig. 8—Schematic Diagram of Apparatus Used to Weld 
Underbead Cracking Specimens with Dip-Coated Hollow 
Electrodes and Various Gases 
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on volumes on the gases and resultant cracking are given 
in Table 4. It was impossible with the welding voltage 
obtainable from the machine used to make successful 
welds with 100% dry hydrogen, but rather poor manual 
welds were made with wet hydrogen. A series of tests 
was made using dry hydrogen in combination with carbon 
dioxide and carbon monoxide, in which the carbon mon- 
oxide was held at 50% by volume, and the hydrogen and 
carbon dioxide were varied from 0 to 50%. The hydro- 
gen contained in these various combinations of gases and 
the consequent underbead cracking are listed in Table 4 
and shown graphically in Fig. 9. 

No underbead cracking was produced with carbon 
dioxide or carbon monoxide alone or when combinations 
of the two gases were used. The graph shows that the 
per cent of underbead cracking increased directly with 
the per cent of hydrogen in the gaseous mixtures; from 
7% cracking with 10% hydrogen, to 63% cracking with 
50% hydrogen. This indicates, quite definitely, that 
hydrogen is probably the decisive factor of the arc atmos- 
phere in producing underbead cracking. 


Two other tests were made; one using 100% dry he-. 


lium, and one using wet hydrogen. Nocracking was pro- 
duced with helium, but wet hydrogen (manually welded 
specimen) gave 83% cracking. 

There was much more porosity produced with some 
gases than with others. Welds made with a 50/50 mix- 
ture of carbon dioxide and carbon monoxide were free of 
porosity and underbead cracking. Of all the combina- 
tions of gases tried, this one also gave the best welding 
characteristics. The arc was stable with either carbon 
dioxide or carbon monoxide or combinations of both. 


Table 4—Data on Underbead-Cracking Tests Made with 
Hollow Electrodes and Various Gases 


Composition of Dry Gas 


Used, % Volume 
CO, co He 


Gas Volume, Underbead Cracking. 
Ce./In. Electrode % of Weld Length 


(100% helium) 410 0 

0 0 100* 3% Be. 

0 0 100 (wet) 219 83 
100 0 253 0 
100 0 0 246 0 
75 25 0 227 0 
50 50 0 297 0 
50 50 0 311 0 
25 75 0 271 0 
0 100 0 263 0 
40 50 10 226 6 
40 50 10 237 s 
30 50 20 259 26 
20 50 30 249 32 
20 45 35 281 51 
10 50 40 213 48 
0 50 50 254 60 

0 50 50 189 67 
50 0 50 234 60 


Note: Negative polarity was used in all cases and the machine 
was set for 80 open-circuit volts. 
* Arc completely unstable—no test. 


Dry hydrogen produced instability of the arc and its 
effect was noted when as little as 10°% was mixed with 
carbon dioxide and carbon monoxide. 


Changes in Composition of Synthetic Arc Atmospheres 
on Passing Through a Metal Arc 


When gas mixtures pass through a metal arc, reactions 
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Fig. 9—Hydrogen in Synthetic Arc-Atmosphere vs. Underbead 
Cracking 
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occur between the gases themselves and between the 
gases and the metallic constituents. The work on arc 
atmospheres of coated electrodes was based on the com- 
position of the gaseous end products of the reactions 
which occur in and around the arc and weld pool. There- 
fore, to obtain more information about what happens to 
gases in the arc, the changes in synthetic are atmospheres 
on passing through a metal are were studied. 

Gaseous mixtures were prepared in the same manner as 
for the cracking tests with hollow electrodes. The source 
of gas was connected to a hollow electrode placed in the 


closed chamber used for determining gas evolved from’ 


coated electrodes (see Fig. 1). The system was filled 
with the gas mixture up to the connection at the top of 
the hollow electrode. The collection train was purged 
of air by flushing with helium and the temperature of the 
welding chamber was raised to 230° F. before starting 
the run. Six inches of hollow electrode were consumed 
while gas flowed through the arc at the rate of 100-200 
ce. per inch of electrode burn-off. This volume of gas 
was used because it approximates the volume of gas gen- 
erated from coated electrodes. Momentary blocking of 
the tip of the hollow electrode during welding made uni- 
form flow of gas difficult at the rate of flow used. The 
flow of gas was stopped simultaneously with thre welding. 
The temperature inside the welding chamber was lowered 
to 230° F., and the volume readings of gases used and 
gases collected were taken at atmospheric pressure. 

A sample of the collected gas was removed for analysis 
and then the moisture in the low-temperature trap of 
Section A, Fig. 1, was carried over to the weighed drying 
tube by the same procedure used when coated electrodes 
were tested. 

The changes in composition of various mixtures of 
gases in passing through the arc are shown in Table 5. 
These values are averages of two or more runs. In gen- 
eral the results obtained from duplicate runs checked 
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Table 5—Analysis of Gases Passed Through the Arc During Metal-Arc Welding 


Dry Gas Introduced Inte Arc 


Total cc./in. Composition, Total ec./in. _ Composition, Jolume* 
Volune, of Yolume Volume, of Vater 
CC. Electrode Ho CO CCo cc. Electrode Vapor Ho 20 CO, 


995 100 9 


1108 


153 9) 
182 0 
140 


1085 


1194 


147 0.4 


197 


885 0 25 75 919 145 0.7 0.2 69.6 29.5 
1313 205 0 50 50 1405 225 1.1 1.2 74.7 23.0 
&65 128 ) 75 25 901 134 0.3 0.6 89.9 9.2 
760 122 10 50 40 788 127 3.4 6.4 74.9 15.3 
634 89 20 50 30 673 95 3.4 15.2 74.6 6.8 


805 
570 


132 
95 


870 


621 


142 


102 


720 95 ko 50 10 736 97 3,0 32.5 62.5 2.0 
650 158 50 50 0 645 155 2.6 46.6 50.2 0.6 


589 105 50 


580 


* Percentages of about 2.0 or lower are best considered as traces. 


within 10% and in a number of cases within 1%. Water 
vapor was an exception as it was only 1 to 2% of the total 
amount of gas and sometimes varied by 100%. 

The percentage of hydrogen in synthetic arc atmos- 
pheres was reduced slightly during metal-arc welding. 
Probably some of it was absorbed by the weld metal, and 
some of it combined with oxygen to form water vapor. 
A large portion of the carbon dioxide introduced into the 
are was reduced to carbon monoxide while carbon mon- 
oxide, alone, was relatively unchanged. In general, the 
amount of gas collected slightly exceeded the gas intro- 
duced through the bore of the electrode. This may be 
accounted for by the gas evolved from the dip coating, 
and by the reaction of oxygen from the carbon dioxide 
with the carbon in the steel to form more carbon mon- 
oxide. 


Hydrogen and Underbead Cracking 


The amount of underbead cracking caused by various 
coated electrodes has been indicated in the discussion of 
the arc atmospheres generated by these electrodes. The 
hydrogen in these arc atmospheres ranged from 1.8 to 
41.4% by volume. As pointed out by one of the au- 
thors,’ these atmospheres would theoretically produce 
3.6 to 18.1 cc. of hydrogen in 100 gm. of weld metal if 
equilibrium between the atmospheres and metal were 
reached at 2800° F. 

Solubility values, shown in Fig. 10, were computed 
from Sieverts’ Law (solubility is proportional to the 
square root of the hydrogen pressure) and Sieverts’ 
value for the solubility of hydrogen in liquid iron at 
2820° F. A number of weld beads were made and ana- 
lyzed for hydrogen in order to compare these theoretical 
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values with actual values from weld metal. Small weld 
beads were deposited on strips of low-hydrogen, cold- 
rolled steel */;,1n. thick, '/.in. wide and 2in. long. Dur- 
ing welding the specimens were cradled in a copper jig 
with walls extending above the top surface of the strip, 
so that the weld metal would be kept within the bounds 
of the test strip. Additional strips | in. long were placed 
at both ends of the test strip, for starting and ending the 
weld. Immediately upon completion, the weld was 
quenched in mercury, cleaned on a wire wheel, the end 
pieces broken off, and the test specimen inserted in an 
inverted test tube of mercury. About 4 min. elapsed 
from the time the weld was started until the specimen 
was in storage. In four days’ storage at room temper- 
ature, nearly all the diffusible hydrogen was evolved, as 
shown by Table 6. The specimen was then removed 
from storage and placed in a warm extraction (vacuum) 
apparatus where a smaller additional amount of hydrogen 
of 1 to 1'/2 ce. per 100 gm. weld metal was extracted. 
The cold evolution of hydrogen from weld metal was 
further demonstrated by immersing small specimens of 
weld deposits in carbon tetrachloride or warm water im- 
mediately after they were welded and quenched in mer- 
cury. As shown by Sample 1 of Fig. 11, many small 
bubbles of hydrogen (proved by analysis) evolve from 
the weld. The quantity of hydrogen evolved varies 
with the type of electrode used in making the sample. 
For example, weld 1 of Fig. 11 was made with an E6010 
electrode, welds 2 and 3 with lime-type coated ferritic 
electrodes and No. 4 with 18-8 stainless steel electrode. 
Warm-extraction analysis consisted of heating the 
specimen in an evacuated system at 1200° F. and collect- 
ing and analyzing the evolved gas. Experience has 


shown that about 90° of the hydrogen content of fer- 
ritic materials can be removed in 20 min. at this temper- 
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Gas Collected After Passing Throuch Arc 
95.2 2.2 
100 | 2.2 1.0 57.4 39.4 
30 50 20 | || 3.9 21.8 69.0 5.3 
35 us 20 | | uy 26.6 64.4 4.6 
104 11.5 31.4 46.4 10.7 
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HYDROGEN IN ARC ATMOSPHERE 


Fig. 10—Solubility of Hydrogen in Weld Metal 


ature, while 45 min. to 1 hr. gives nearly complete extrac- 
tion. 

In making the specimens for hydrogen analysis, from 
7 to 10 gm. of metal were deposited on a 23 gm. strip. A 
portion of the base metal remained unfused and so its 
hydrogen content could not come to equilibrium with the 
hydrogen in the arc atmosphere. It appeared impossible 
to machine off the unfused portion without loss of hydro- 
gen, because evolution of hydrogen from the cold sample 
begins immediately and is quite appreciable, as can be 
seen from the data on cold evolution given in Table 6. 
The use of multiple-pass welds so that the unfused por- 
tion would be negligible was objectionable, because rapid 
losses of hydrogen from the original bead take place 
while additional beads are being made. It was deciced 
to determine the proportion of fused metal in the speci- 
men by etching representative cross sections of each 
specimen. Hydrogen percentages were calculated on 
the fused portion which varied from 55 to 90% of the 
total weight of the specimen. An error in hydrogen 
values of up to 10% may occur because of difficulties in 


Table 6—Warm.-Extraction Hydrogen Analyses 


cc. H2 per 100 g. Weld Metal 
Mote, 


Cold Varn Calculated 
Electrode Evolution Extraction from Arc- 
Type (Four Days) (1200°F., Vacuum) Total Atmosphere Data 
56010 *15.3 1.7 17.0 17.9 
#6020 14.0 1.5 15.5 18.1 
LHLC No. 1° 5.6 1.0 6.6 9.2 
LELC Mo. 2° 6.6 0.9 7-5 8.3 
LHLC No. 3° 2.9 1.8 4.7 4.1 


* Low-hydrogen, lime-coated electrodes. Three different commercial 
electrodes were used. 
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measuring the fused metal. However, this is negligil)|¢ 
compared to errors involved using other techniques. 

The remarkable mobility of hydrogen in warm ste | 
was demonstrated by making test weld beads and allow. 
ing them to cool in still air for about 10 min. after con, 
pletion of the weld before insertion into warm extraction 
apparatus. The lower curve in Fig. 10 shows that about 
two-thirds of the original hydrogen conten‘ was lost in, 
10 to 15 min. of normal cooling, indicating that hydr« 
gen analyses of samples which have remained sever,| 
hours outside the hydrogen collection system are rather 
meaningless. The most nearly correct hydrogen analy- 
sis of molten weld metal is obtained by immediate and 
severe quenching of the specimen, followed by imme- 
diate storage in a gas-collecting vessel. Whether the 
quenching medium is mercury or water does not appear to 
be important. However, mercury was used in the tests 
reported herein to remove any doubt about the source of 
hydrogen in the specimen. 

Figure 10 shows that the values for experimentally 
determined hydrogen in mercury-quenched specimens 
agree quite satisfactorily with the calculated theoretical 


l 2 3 4 
Fig. 1l1—Weld Specimens Immersed in Carbon Tetrachloride, 
Showing the Evolution of Hydrogen. (1) E6010 Electrode 
Weid. (2 and 3) Lime-T Coated Ferritic Electrode Welds. 
(4) 18-8 Stainless-Steel Electrode Weld. About 6 to 8 Min. 


Elapsec from Time Specimens Were Welded to Time This 
Photograph Was Taken 


values. Experimental points are from 5 to 15% low at 
the upper end of the curve, but this is to be expected as 
some hydrogen loss during the welding and quenching 
operations is inevitable. At the lower end of the cutve 
(lower hydrogen content) the discrepancies are probably 
largely caused by the previously mentioned errors in 
determining specimen weight. 

The data show quite definitely that the hydrogen con- 
tent of weld deposits varies with the partial pressure of 
hydrogen in the are atmosphere. In fact, it appears to 
vary directly with the square root of the partial pres- 
sure of hydrogen in accordance with Sieverts’ Law. lf 
information on the hydrogen content of welds at the 
solidification point is desired, it can be reliably calculated 
directly from arc-atmosphere composition. 

The low hydrogen yield of normally cooled weld speci- 
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mens illustrates the elimination of hydrogen by slow cool- 
ing. It also shows the benefit to be gained by preheating 
and postheating, particularly of massive crack-sensitive 
parts which otherwise have a quenching effect on the 
weld metal. 

As shown previously, electrodes such as the low-hydro- 
gen, lime-coated types which contain no cellulose, other 
organic matter or asbestos, evolved arc atmospheres con- 
taining up to 10% hydrogen. Theoretically, metal 
deposited from such electrodes contains 3 to 9 cc. of 
hydrogen per 100 gm. of weld metal. However, welds 
made with these electrodes on very crack-sensitive steel* 
tended to be free from underbead cracks. When the 
hydrogen content of the arc atmosphere exceeded 10%, 
cracks occurred. With somewhat less sensitive plate, as 
much as 20% hydrogen in the arc atmosphere could be 
tolerated. 

Because the arc atmospheres of all electrodes in the 
E6010, E6012, E6013 and E6020 classes probably con- 
tain 35-40% hydrogen, they are all capable of initiating 
underbead cracking in crack-sensitive alloy plate unless 
precautions (preheating or postheating) are taken to 
lower the hydrogen content of the metal before comple- 
tion of the austenite-martensite transformation. 


Summary 


This paper presents data obtained in an investigation 
of the relation of the gases evolved during welding with 
coated electrodes on alloy steels to the incidence of under- 
bead cracking. The results may be summarized as fol- 
lows: 


1. The gases evolved during welding with coated 
electrodes (excluding solids) are predominantly carbon 
monoxide, carbon dioxide, hydrogen and water vapor. 

2. There is a direct correlation between the hydrogen 
in the arc atmosphere, the hydrogen content of the weld 
deposit and the incidence of underbead cracking in the 
parent metals. 

3. Typical electrodes in the E6010, E6012, E6013 and 
E6020 classes produced are atmospheres containing 35— 
40% hydrogen, and caused severe underbead cracking. 

4. The low-hydrogen, lime-coated ferritic electrodes 
studied produced arc atmospheres containing up to 10% 
hydrogen, and did not cause cracks in crack-sensitive 
steel. 

5. When cellulosic-type electrodes, which normally 
produce are atmospheres high in hydrogen, were roasted 
at 600° F., the amount of hydrogen and the cracking 
tendency were reduced. However, such roasting spoiled 
the operating characteristics of the electrodes. 

6. The remarkable diffusibility of hydrogen in fer- 
ritic steels during normal cooling and at room tempera- 
ture was demonstrated. It was shown that hydrogen 


* Analysis: C, 0.45; Mn, 0.70; Si, 0.25; Mo, 0.50; Cr, 1.2; V, 0.20. 
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contents as high as 17 cc. per 100 gni. of weld metal are 
reduced to less than 2 cc. per 100 gm. during four days’ 
storage at room temperature. 

7. Tests made by passing synthetic arc atmospheres 
through hollow electrodes into the are region produced 
no underbead cracking when there was no hydrogen in 
the synthetic atmosphere. 

8. The metal are was relatively stable in synthetic 
arc atmospheres of carbon dioxide and carbon mon- 
oxide, alone and as mixtures, but the presence of hydro- 
gen even in small percentages tended to make the arc 
erratic. 

9. A combination of 50/50 carbon monoxide and car- 
bon dioxide gave good arc characteristics, no underbead 
cracking or porosity and, in general, a better welding arc 


than any other combination of gases used. 
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The Effect of Alloying Elements on the Tensile 
Properties of 25-20 Weld Metal’ 


By Hallock C. Campbell! and R. David Thomas, Jr.? 


Abstract 


A systematic investigation of the effect 
of separate additions of the component 
elements in 25 chromium, 20 nickel stain- 
less steel weld metal has uncovered the 
causes of failures in many heats of core 
wire which previously had been found un- 
suitable for titania type a.-c.-d.-c. elec- 
trodes. 

Carbon additions were found to 
strengthen the weld metal without serious 
loss in ductility providing the amount was 
kept below 0.20%. Sulphur, silicon and 
phosphorus additions all had the effect of 
introducing fissures in the weld metal 
which seriously reduced the ductility and 
in extreme cases lowered the tensile 
strength. The austenite-forming elements, 
nickel and manganese, when added to a 
25-20 alloy which was already fully aus- 
tenitic, had little effect on the tensile 
properties. Additions of molybdenum, 
columbium and chromium within the 
limits normally encountered in 25-20 weld 
metal did not have a noticeable effect on 
the tensile properties, but when excessive 
amounts were added, ferrite crystals were 
introduced into the structure which in- 
creased the strength and lowered the 
ductility. 

As a result of this investigation core 
wire heats were purchased to more rigid 
specification, particularly with respect to 
silicon and phosphorus, which permitted 
the use of almost all of the heats in the 
production of titania-type a.-c.—d.-c. elec- 
trodes. 


Introduction 


HE 25% chromium, 20% nickel stain- 

less steel electrode has beenconsidered 
the standard alloy for welding hardenable 
steels for the past ten years. This elec- 
trode was recognized by the U. S. Navy in 
the early days of welding homogeneous 
armor plate, and its application during the 
war has been responsible for many it- 
provements in warship construction. The 
success of this alloy electrode, however, in 
making welds in armor which would resist 
the impact of heavy projectiles is attrib- 
uted to its strength and high ductility, 
and because of the importance of the Naval 
application, each lot of electrodes required 
careful tests in order to be assured that it 
would perform satisfactorily. All-weld- 
metal tensile test specimens have been 
found the simplest test for checking each 
lot of electrodes, and while the Navy later 


*Scheduled for Twenty-Seventh Annual 
Meeting, A.W.S., Atlantic City, N. J., week of 
Nov. 17, 1946. 

t Associate Director of Research and Engi- 
neering, Arcos Corp., Philadelphia, Pa 

t Vice-President and Director of Research and 
Engineering, Arcos Corp., Philadelphia, Pa. 


adopted the so-called torture test,§ the 
all-weld-metal specimen continued to 
serve as a control test whose results corre- 
lated|| very well with the Navy’s more 
rigid test. 

The weld metal tensile properties from 
electrodes having the all-position lime- 
type coverings were reasonably uniform 
until about 1941, when the demand for 
this type of electrode placed an enormous 
burden upon the steel producers and the 
electrode manufacturers. Alloys became 
scarce, forcing the steel suppliers to melt 
with a higher proportion of scrap, which 
introduced residual elements whose in- 
fluence could not be predicted. New 
sources of coating ingredients further 
complicated the problem of the metal- 
lurgical quality control of the weld metal. 
It was impossible during those days to 
conduct the sort of scientific investigations 
which would lead to fundamental informa- 
tion; instead control had to be established 
by empirical means, and tests of every 
heat of core wire with coatings prepared 
from current shipments of coating ingre- 
dients were adopted as a go-no-go standard 
for electrodes for use in Naval construction 
and repair. Statistical analysis of the 
data obtaineu from the tests of every heat 
indicated certain changes in core wire 
composition specifications which made 
the control of tensile properties consider- 
ably easier by 1944. 

The lime type electrodes wete designed 
primarily for direct current and were 
found unsatisfactory for use on alternating 
current. Since many advanced Naval 
bases and ships were equipped only with 
a.-c. machines, an all-position a.-c.—d.-c. 
electrode was urgently required, necessitat- 
ing the use of titania-type coatings. Early 
tests of heats of core wire which were found 
perfectly satisfactory using a lime type 
coating were entirely unsatisfactory using 


§ The “torture test’’ is described completely in 
the Navy Bureau of Ships Interim Specification 
46E4. it consists briefly of an 8-in. groove weld 
in 11/- x 12-in. square armor plate which has been 
previously secured to a 3-in. steel slab by fillet 
welds. The weld metal is tested by transverse 
tensile specimens machined from the roct and 
face of the weldment. 

|| The correlation was reasonably good with 
25-20 electrodes, which generally failed in the 
weld metal, but was less satisfactory with other 
lower alloy austenitic electrodes which sometimes 
failed in the fusion zone. 


a titania type coating. A new set of core 
wire composition control limits was needed 
in order to produce the a.-c.-d.-c. elec- 
trodes. 

The systematic investigation which is 
presented here was an attempt to deter- 
mine the efféct of individual elements on 
the tensile properties of 25-20 weld metal. 
As a result of some of these tests, it was 
possible to predict with fair accuracy the 
performance of weld metal tensile tests 
from the chemical analysis of the weld 
metal. By careful control of coating in- 
gredients to prevent the introduction of 
harmful elements, a.-c.—d.-c. electrodes 
could be produced from almost every heat 
of 25-20 core wire which met the rigid 
chemical composition specifications which 
were established. 


Purpose 

This research was undertaken as a fun- 
damental study of the effects of the major 
alloying elements on the properties of 
25-20 weld metal as deposited by a titania- 
type a.-c.—d.-c. arc welding electrode. The 
elements studied were carbon, manganese, 
silicon, sulpkur, phosphorus, chromium, 
nickel, molybdenum and columbium. 
Each of these elements was varied over a 
range wider than that usually found in 
25-20 alloys. In the cases of molybdenum 
and columbium, additions were continued 
until they exceeded the percentages com- 
mercially used in the 25-20 Mo and 25-20 
Cb grades. 


Method 


The study of each element was conducted 
so as to hold constant all variables ex- 
cept the one element under test. Except 
for the two earliest studies (silicon and 
sulphur) the same heat of core wire was 
used for all electrodes. The size was */\» 
in. diameter by 14 in. long except in the 
silicon and sulphur studies where °/3. in. 
diameter electrodes were used. For all of 
the studies the electrodes were processed 
using the same coating ingredients and the 
same mixing operations. Uniformity of 
composition was further improved by mix- 
ing a quantity of flux sufficient for each 
whole series, and then adding to each 
quarter of that mix the necessary quanti- 


Table 1—Chemical Analysis of Core Wire Heats 


Heat No. S Mn Si 
E699U310V - O.11 1.82 0.41 
F904L310 0.10 1.58 0.48 
E725L310V 0.11 1.70 0.48 


S P Cr Ni 
0.012 0.012 27.10 22.19 
0.016 0.016 26. 50 21.69 
0.014 0.021 26. 82 21.47 
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Table 2—Statistical Analysis of Weld Metal Control Tests (Titania-Type Coating) 
Chemical Analysis 


Labs Heat C Nn 
No. No. 

20760 +140 1.60 .37 
21520 «180 1.40 243 
22230 0150 1.63 .48 
2342 1045.40 


Average 
Std. Dev. 


Tensile Properties 


Yield Tensile Elong- Red. in 
Cr Ni Strength, Strength, in 2", Area, 
pai psi 
62,000 89,500 38 ae 
500 90,000 36 50-5 
59,000 89 ,000 36 38 
-O12 .014 26.23 21.48 61,500 88,000 26 56.5 
1,000 41 
59,500 89 , 500 38 48 


21.75 
0.16 


2422 


2428 .094 1.30 .39 
2432 + 142 1.40 
2437 4132 1.68.45 
2440 S$ .130 1.07 .41 
2444 g 


Average 
Std. Dev. 


21.68 


-008 .017 25.09 21.73 60,000 
.017 25.68 21.66 625000 
-005 .018 25.50 21.66 69°500 
.024 25.17 21.70 59,000 


21.70 


25.28 21.69 
0.24 0.02 


89, 5600 36 42.5 
94,500 44 50 
91,500 38 42.5 
92,000 36 44 


2276L 
2133-4 


21.52 


21.71 


21.62 63, 
0.10 


ties of the alloying element under study. 
For example, in the study of the effect of 
carbon, sufficient flux was mixed to coat 
electrodes for four experiments. This 
flux contained the minimum possible 
amount of carbon. One quarter of this 
mix was then set aside for the initial or 
control experiment. To half of the mix 
was then added sufficient carbon (in the 
form of graphite) to yield the highest carbon 
level desired in* the final weld metal. 
Finally two intermediate carbon levels 
were obtained by mixing the remaining 
low-carbon flux and half of the high-carbon 
flux in the proportions 1:2and 2:1. Four 
coatings were thus obtained which pro- 
duced weld metal with the carbon content 
increasing in progressive steps, with all 
other elements essentially constant. 
Variations in the ‘‘constant’’ elements 
in any series are caused either by dilution 
resulting from large additions of an alloy- 
ing element (for example, there is a de- 
crease in chromium as nickel is added, and 
vice versa,) or by increased recovery of an 
element resulting from the deoxidation 
effect of the added alloy (for example, 


silicon when chromium and columbium are 
added). 

Chemical analyses were performed by 
routine methods using chips from standard 
weld pads. Some analyses appeared under 
suspicion because of the variation in the 
physical data, but the repeat analyses re- 
checked the original analyses in all cases. 
Chips were then taken from the questioned 
tensile specimens themselves as a further 
check. In every case the variations in 
chemical analysis were considerably less 
than the variations in tensile properties. 

Tensile properties were obtained from 
standard 0.505-in. diameter all-weld-metal 
bars tested at room temperature in the as- 
welded condition. These were prepared 
in duplicate for the earlier experiments 
(silicon and sulphur), and only singly for 
the later work. 


Experimental Results 


Chemical analyses of the core wire of the 
heats used for the research testsare givenin 
Table 1. These heats, which were notably 
low in phosphorus, were two of the best 
which had been encountered up to the 


time this research program was inaug- 
urated. It was felt that their use would 
most clearly bring out the effect of the 
various elements, for though they were 
superior heats rather than typical heats, 
they would not confuse the picture by in- 
troducing the undesired effects of impuri- 
ties and hargnful elements. The analysis 
is also given for a more typical heat with 
higher phosphorus. 

The preparation of the electrodes was 
spread over several months, and therefore 
different lots of coating ingredients were 
used in the different series. Thus, it was 
thought desirable to prepare a control test 
for each series consisting of the standard 
coating without any addition of theelement 
under test. The data from these control 
tests have been summarized statistically 
in Table2. The figures marked “Average” 
and “‘Standard Deviation’’ have the nor- 
mal quality control meanings. 

The range of weld metal analysis per- 
mitted by the Navy (Bureau of Ships 
Interim Specification 46E4) and the range 
over which each element was varied in the 
present study are shown in Table 3. 


Table 3—Range of Weld Metal Analyses Studied 


Cc Mn 
Navy Specifica- 
tion 46E4 0.09-0.20 1.0-2.50 
Range studied 0.09-0.24 


0.80 max. 


0.93-2.93 0.37-0.85 0.006-0.044 0.017-0.035 


Si S P 


0.03 max. 0.03 max. 


Cr Ni 


25.00 min. 
24.98-34.58 


Mo Cb 


20.00 min. 0.25 max. — 
21.70-26.10 0.07-2.73 0-2.94 
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88 , 500 38.5 48 
0146 1.57 .44 .008 .019 25.83 60,740 88,610 34.4 41.7 
2017 elS «6.003 0003) (0.55 1,620 1,950 7d 9.7 
| °135 1.24 .43 .006 .019 25.25 62.000 
-019 24. 60 ,500 
1.52 .42 .008 60,500 92,100 38.7 45.8 
.02 .002 1,150 1,510 2.7 4.5 
000 84,500 20.0 20.5 
+110 1.48 .43 .007 .030 25.00 60,600 20:8 
+133 1.51 .40 .006 .026 25.05 {637800 917000 a 
Average 0124 1.50 344 2007 -028 25.03 86,670 20.6 21.0 
Std. Deve e010 .04 .001 .001 0.05 140 3,100 3.4 2.4 


Table 4—Effect of Carbon 
Yield Tensile Elong. 
Lab. Carbon, Strength, Strength, in 2 In., 
No. % Psi. Psi. 0 
A. Titania-Type Coating—Heat F904L310 
2428 0.094 60,000 89,500 36 
2429 0.153 61,000 93,000 38.5 
2430 0.195 65,500 99,500 32 
2431 0.238 70,000 * 105,500 26 
B, Lime-Type Coating* 

565W 0.059 48,250 72,500 23 
565T 0.064 53,550 78,650 35.5 
565C 0.079 52,000 82,000 42.5 
565Y 0.15 60,500 88,250 40 
565R 0.24 66,000 95,500 37.5 


* Data obtained from '/,- and */,.-in. electrodes in 1939. 


often caused by the presence of weld flay, 
such as fine cracks or slag entrapment. \ 
slight increase in the strength of the we). 
metal, even at the sacrifice of a few per 
centage points in elongation as measure:| 
by the all-weld-metal specimen, usually 
resulted in better ‘torture test’”’ results 
The higher carbon contents produced this 
effect. 

It was found in the developmental work 
for the a.-c.—d.-c. electrode that a minimum 
elongation of 30% in an all-weld-meta] 
specimen was necessary if the transverse 
tensile specimen was to meet the elongation 
required by the Navy Specification. 
According to Fig. 1, then, there is an upper 
limit for carbon at about 0.20%, which is 
also the upper limit of the Navy Specifica- 
tion. 


Effect of Carbon 
The effect of carbon is shown in Table 4 ere SIME SV GOATING 
and in Fig. 1. Carbon is an effective ele- o 
ment in increasing the tensile strength, 210 : i 
but also a deleterious element with regard S T.S 
to corrosion. However, the application 
of 25-20 to the welding of armor does not z oo oe " 
require resistance to corrosion. 80 
Data are given for four electrodes in the ww [ 
present research series using the titania- me 
type a.-c.—d.-c. coating, and five experi- ” | 
ments from earlier work using a lime-type 60 Y.S. > ee et 
d.-c. coating. Core wire and control were, Y.S 
analysis for the latter are not available. of 
As carbon increases beyond 0.10% in ae 6 : 
both series, a decrease in elongation is ob- “ ote ot—| 
served which is nearly proportional to the 40 R.A, 
increase in tensile strength, up to the high- a | te f EL. 
est carbon level studied. Below 0.10% l 
carbon, data are available only for the lime- os 20 
type coating, but a drop in elongation - Oo 
seems indicated for the titania-type ele- $3 5 
trode also. 
' The behavior shown in Fig. 1 explains a te 
somewhat higher carbon than normal. 
Failure to meet the ductility requirements % CARBON % CARBON 
of the Navy’s transverse tensile test was Fig. 1—Effect of Carbon 
. 
In appearance the broken tensile speci- 
» SULFUR SILICON mens with all carbon contents resemble 
tg the typical specimen shown in Fig. 7, with 
° the exception of the highest carbon con- 
S 100 tent, which differs in appearance only in 
= elongation and reduction of area. 
80 ih Effect of Sulphur, Silicon and Phosphorus 
a \- Next to carbon in importance are three 
impurities or minor alloying elements: 
¥S. 2 sulphur, silicon and phosphorus. Within 
the range of analysis commonly allotted to 
the 25-20 electrode no other elements 
ae “@le nT have so great an effect on the weld metal 
RA quality. Certain other trace elements 
40 were under suspicion during the early in- 
vestigation of the titania electrode, but it 
Ce ir? has now been pretty well established that 
78 OK within the usual range of concentrations 
20 3 3 only sulphur, silicon and phosphorus are 
worthy of consideration. Furthermore, a 
63a statistical examination of over 100 heats 
we produced by one of the major suppliers of 
° electrode core wire has shown no signifi- 
Qo -020 040 060 20 40 -60 80 cant effect from normal variations in van- 
% SULFUR % SILICON adium, tin, lead, copper or titanium. 
Fig. 2—Effect of Sulphur and Silicon The effect of sulphur, shown in Table 5 
762-s WELDING RESEARCH SUPPLEMENT NOVEMBER 
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and Fig. 2, was anticipated because it is 
known to contribute to hot shortness in 
stainless steels. Over the range studied 
the ductility appears to be roughly pro- 
portional te the concentration of sulphur, 
although the scatter of the data for elonga- 
tion and reduction of area tends to obscure 
the relationship. The specimens which 
failed with low ductility show numerous 
fissures characteristic of a hot-short metal 
The appearance of the broken test speci- 
mens is similar to the specimen illustrated 
in Fig. 8. 

The element, silicon, as shown in Table 
6 and Fig. 2, is one of the most critical and 
requires careful control especially in the 


Yield 
Lab. Sulphur, Strength, 
No. Psi. 
2342 0.006 59,500 
61,000 
2343 » 59,500 
60,500 
2344 0.022 58,500 
61,000 
2345 0.027 59,000 
61,000 
2426 0.031 60,000 
2427 0.044 61,000 


Table 6—Effect of Silicon; Heat E699U310V 


Yield 
Lab. Silicon, Strength, 
No. Psi. 
2075U 0.37 63,500 
59,500 
2076U 0.37 62,000 
62,500 
2132-3 0.39 62,500 
61,500 
2133-3 0.51 63,500 
61,000 
2077U 0.55 61,500 
60,000 
2078U 0.64 60,500 
62,500 
2134-3 0.70 62,500 
61,000 
2135-3 0.74 63,000 
59,500 
2079U 0.79 63,000 
61,000 
2080U 0.85 58,000 
56,000 


titania-type 25-20 electrode. Its effect is 
intimately connected with the phosphorus 
level as will be described below. 

As the silicon percentage in the weld 
metal increases, the tensile strength, 
elongation and reduction of area all de- 
crease. At any given phosphorus level 
there appears to be a well-defined limit 
beyond which the tensile strength drops 
off rapidly and the elongation approaches 
zero, the failures being principally by the 
opening up of multiple fissures. The 
silicon data shown in Fig. 2 are at a phos- 
phorus level of 0.019%; all tensile proper- 
ties were low beyond 0.80% Si. 

At the same phosphorus levels lime-type 
d.-c, coatings are much less sensitive to the 
addition of silicon than are the titania- 
type a.-c.-d.-c. coatings. Some data were 
collected with the intention of showing the 
effect of increasing silicon content ona lime- 
type electrode, but the recovery of silicon 
was erratic and the data are inconclusive. 
Past experience has shown that lime type 
d.-c. electrodes can permit the weld metal 
silicon to goconsiderably beyond the0.80% 
limit set by the specification; the present 
study shows that this is not the case with 
the titania-type a.-c.—d.-c. electrodes. The 
appearance of broken tensile test speci- 
mens with high silicon and phosphorus is 
shown in Fig. 9. The appearance of the 
fissures at a magnification of 100 times is 

shown in Fig. 10. 

The effect of phosphorus is shown in 
Table 7 and Fig. 3. The point at which 
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Tensile Elong. Red. in 
Strength, in 2 In., Area, 
Psi. 
90,000 36 37 
88,000 36.5 50.5 
89,500 38 42 
88,500 36.5 51 
85,500 26.5 30 
88,000 40 53.5 
90,000 36 30.5 
83,500 16 20.5 
88,000 31.5 30 
87 ,000 32 30.5 
84,000 18 17 
87,000 37 46 
86,500 24 20.5 
84,000 24 20.5 
80,000 18 20 
80,500 18 22 
85,000 20 20.5 
84,000 22 18.5 
67,500 11 10.5 
65,000 10.5 12 


Table 7—Effect of Phosphorus; Heat F904L310 


Table 5—Effect of Sulphur; Heat 699U310V 


Tensile Elong. Red. in 
Strength, in 2 In., Area, 
Psi. % % 

89,500 38 48 
88,500 38.5 48 
89,000 36 47 
87,500 25 27.5 
88,000 38 46.5 
87,500 25 26.5 
88,500 34 14 
89,000 31 26 
87,000 22.5 30.5 
85,000 20 21.5 


These data were plotted along with the 
data in Tables 6 and 7, first against silicon 
alone and then against several simple func- 
tions of silicon and phosphorus as sug- 
gested by the scatter of the points. As 
shown in Fig. 3 all of the data in Table 8 
fell reasonably close to the same lines for 
tensile strength and elongation when plot- 
ted against a phosphorus equivalent com- 
puted by the empirical formula 


Phosphorus equivalent = 
P + 0.04 (Si — 0.25) 


when P is the per cent phosphorus and Si 
is the per cent silicon. The constant 
(0.25) which was found convenient to 
subtract from the silicon percentages is 
suggestive of a lower limit for silicon, al- 
though mathematically it imposes no re- 
étriction on the silicon whatever. Such a 
lower limit for silicon is believed to exist 
however, because of the poor physical 
properties and unsatisfactory arc and slag 
characteristics which result when the weld 
metal is incompletely deoxidized. 


Yield Tensile Elong. Red. in 
Lab. Phosphorus, Strength, Strength, in 2 In., Area, 
No. , % Psi. Psi. % % 
A. Titania-Type Coating 
2422 0.019 62,000 93,000 38 42.5 
2423 0.022 61,500 92,500 36 44.5 
2424 0.029 62,000 90,500 28.5 25.5 
2425 0.035 62,500 88,000 20 18 
B. Lime-Type Coating 
2466 0.017 56,500 89,500 44 
2467 0.027 56,500 89,500 42 51.5 
2468 0.042 54,000 88,500 44 54 
2469 0.050 55,000 85,000 23.5 28.5 


phosphorus will produce weld metal which 
does not meet the 30% elongation value 
varies with the silicon content. With 
0.40% silicon, phosphorus up to 0.024% 
can usually be tolerated; with 0.60% 
silicon, phosphorus must be limited to 
0.016%. The appearance of tensile speci- 
mens at two different phosphorus levels is 
shown in Figs. 7 and 8. . The remarkably 
greater tolerance of the lime-coated elec- 
trode for phosphorus, which justifies the 
phosphorus limit in the Navy Specification, 
is illustrated by the dotted graphs in Fig. 
3. 

Observing that the effect of silicon and 
phosphorus were interdependent, a more 
typicai core wire heat with higher phos- 
phorus was used for a new silicon series. 


The graph of per cent elongation versus 
phosphorus equivalents is a fairly close 
approximation to a straight line. The 
line shown was plotted by the method of 


averages through the given points. De- 
viations from this line are considered to be 
not much greater than the probable error 
in chemical analysis, and probably no 
greater than the deviations between du- 


plicate tensile tests. 

The graph of tensile strength plotted 
against phosphorus equivalents shows a 
characteristic falling off in strength beyond 


0.030%. The points suggest a smooth 


curve as shown 


The formula for calculating phosphorus 


equivalents is empirical, and yet, the de- 


gree of success with which it has correlated 
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7 COMBINED EFFECT OF in this program as the phase diagrams are 
PHOSPHORUS PHOSPHORUS & SILICON _ well established for the ranges 
_ a The basic 25-20 weld metal analysis, c 
bog 2 190 unlike the lower alloy stainless steels, bit 
8 TS. falls in the category of fully austenitic | 
re) alloys (Fig. 11 (@)). The addition of 
x +t] © manganese and nickel does not change the 
fe © B80 3 7 crystal structure of the weld metal, and a 
| = N TS. therefore it is not surprising to find little a 
sar > \ effect on the tensile properties when these a 
60 o — The addition of manganese, shown in 
weld strength and improves the ductility 
4 a? N only slightly. Except that it achieved a 
< 40 1. RA certain uniformity of composition, the 
EL The effect of nickel is shown in Table 10 
= RA. and Fig. 4. The addition of large amounts 
26 of nickel introduced a considerable drop in 
the percentage of chromium merely by 
3 B dilution, amounting to 1.5% in the last | 
at o | electrode of the series. Possibly this loss pew 
020 030 .040 050 020 030 040 050 of chromium is sufficient to explain the = 
% PHOSPHORUS PHOSPHORUS EQUIVALENTS slight drop in tensile strength as the nickel aa 
DOTTED LINES— LIME COATING NO. is content increased. (20 
© =Heat NO. FSDat So DUPLICATE SPECIMENS. The high value for yield strength in one De 
Fig. 3—Effect of Phosphorus and Combined Effect of Phosphorus and Silicon of the specimens having the highest 
the data for three different heats of core Table 8—Combined Effect of Silicon and Phosphorus : 
Heat Silicon Phos- Phos- Ave. of Duplicate Specimens 
No phorus phorus Tensile Elongation 
heats. The data obtained from routine Ho 6 % 4 Equiv- Strength in 2" 
quality control tests on a number of heats alent? psi 7 4 J 
have shown that the tensile properties, 
agree reasonably well with these data, pro- 20760 057 018 e025 889,000 37.3 
viding the sulphur and carbon contents are 20750 257 019 e024 69,000 36.3 
within normal limits. Control -019 -027 88,610 34.4 
Since the appearance of subnormal ten- 2152-5 > 2021 86,800 55 
sile specimens having high percentages of 2155-5 51 019 86,800 26.0 
cae sulphur, silicon and phosphorus are all 20770 B 55 +018 +050 87,500 51-8 
characterized by the fine surface fissures 20760 
it is reasonable to consider that sulphur > 
20790 «79 e041 84,500 21.0 
might be included in the empirical for- 2135-3 74 022 042 80 ,500 18.0 
mula. Unfortunately no heat of core 20800 85 020 0044 §=66,3500 10.8 | 
wire was available which gave a weld de- 
a posit high in sulphur content and there- 
fore insufficient data were obtained to de- Control## 42 019 +026 ,000 58.7 
termine the phosphorus equivalent of the 2422 4 45 58.0 
sulphur content. 2425 022 92,500 56.0 
2424 «45 029 90,500 28.5 
2425 245 2035 88,000 20.0 
ty dog Effect of Manganese and Nickel 
The elements manganese, nickel, chro- 2132-4 e050 92,500 35.0 
mium, molybdenum and columbium have 2075L 58 * -055 86,000 20.0 
characteristic effects on the weld metal Control#* «44 028 86,670 20.6 
properties, but to a lesser degree than car- 2076L a 87,500 22.8 
bon, silicon, sulphur and phosphorus. 2154-4 49 -028 2058 85,500 15.8 
3 These effects will be discussed under two 2077L 54 +050 +042 882,500 16.8 
groups; manganese and nickel; and 2076L -089 2045 70,800 46.8 
chromium, molybdenum and columbium 2079L “78 $6,800 58 
Manganese and nickel have been 


; ee grouped together because these elements # Phosphorus Equivalent = P + .04(Si - .25) 
ed are usually considered to be austenite #* Average of all Contiol Tests (See Table II) 
f formers. Phase studies were not included 


Table 9—Effect of Manganese; Heat F904L310 nickel percentage has been ignored in 


‘tess Vield Teasile Elong. Red. in drawing the curve because it was felt this 
eee Lab. Manganese, Strength, Strength, in 2 In., Area, point was in error in view of the consistent 
Fm No. 70 Psi. Psi. % % values obtained on the same specimen for 
vgs 2436 0.93 59,000 92,000 34 38 tensile strength and ductility. The elon- 
eae 2437 1.68 59,500 91,500 38 42.5 gation and reduction of area values for 
ie is 2438 2.16 57,500 91,000 38 47 one of the intermediate nickel percentages 
he 2430 2.98 58,500 91,000 39.5 48.5 have also been ignored as being inconsis- 

re hie ra tent with the remaining data. 
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Effect of Chromium, Molybdenum and 
Columbium MANGANESE NICKEL 


Chromium, molybdenum and colum- 
bium have been grouped together because 
all three promote the ferrite phase in 
austenitic alloys. Asa result of the studies 
conducted by Rustless Iron and Steel 
Corp.* on cracking in austenitic weld 
metals, it might be expected that the type 
of fissure$ illustrated in Figs. 9 and 10 
would be eliminated if a small percentage 
of ferrite could be introduced into the 60 a 
crystal structure. The type of fractures 
and the absence of cracks in the speci- RA d | | 
mens having the highest percentage of 
chromium and columbium are illustrated 
in Fig. 12 and indicate that the addition 
of these elements introduced sufficient 
ferrite to elfminate the type of fissures 
often associated with fully austenitic weld 
metals. 

The data showing the effect of molybde- 
num are given in Table 11 and illustrated 


@ 


STRENGTH, 1000 PSI 


9 


ELONGATION, % & 
REDUCTION OF AREA, % 


* Feild A. L., Bloom, F. K., and Linnert, G. E., 


4 T +- | | 
6 


“The Effect of Variations in Chromium-Nickel Oo Ke) 

Ratio and Molybdenum Content of Austenitic 2p <2 
(20 Cr-10 Ni) Frestrodes on Properties of Armor Ze MANGANESE % NICKEL 
Weldments,"” NDRC Report, OSRD No. 3034, 

December 14, 1943. Fig. 4—Effect of Manganese and Nickel 


aren a, T ] average of all the non-columbium control 
: LYBDENUM | COLUMBIUM | | experiments. 
T T t si The loss of ductility in the specimens 
ri 100 | containing excessively high percentages of 
columbium is explained by the ferrite- 
ecole S. forming effect of the columbium content. 
> The presence of ferrite in the microstruc- 
= si ture is illustrated in Fig. 11 (0). 
2 The deoxidizing action of columbium 
Ww has the effect of causing a sharp increase 
= S. in the silicon content of the weld metal (as 
YS. SEs much as 0.50% increase in the highest 
columbium specimens). As described 
e above, this amount of silicon would be 
ef | expected to introduce weld metal fissures 
“ —= is did not occur, however, because the i 
RA which eliminated the tendency to this 
z type of cracks. 
€ g 2 N It is unfortunate that the data for lower 
35 q contents of columbium were not obtained, 
62 - since the commercial grades of stabilized 
ae 25-20 contain about 1% columbium. It is 
velieved that this amount of columbium 
° 1.0 20 30 ike) 20 30 will not cause the formation of the ferrite 
% MOLYBDENUM % COLUMBIUM phase, and therefore will not alter the 
Fig. 5—Effect of Molybdenum and Columbium tensile properties provided the silicon 
content is kept under control. 
The effect of chromium additions, shown 
in Table 13 and Fig. 6, is very similar to 
in Fig. 5. The poor spacing of the molyb- Table 12 and Fig. 5. An inaccuracy in the columbium series A dilution of 
denum contents over the range studied re- mixing resulted in uneven spacing of the nickel resulting from the large addition of 
sulted from the preparation of two sets of columbium contents across the intended chromium was observed, amounting to a 
electrodes, one for the Navy specification range. The data for the control experi- 1% drop in the case of the sample with the 
range and the other including the range ment were badly in error, and have been most chromium. The decrease in nickel . 
commonly encountered in a commercial discarded. The smooth curves in Fig. 5 causes the alloy to have more ferrite than 
grade of electrode containing about 2% have been drawn through the statistical would be explained by the chromium 
Mo; unfortunately two of the latter group 
were mixed during processing and had to — — = = 
be discarded. Table 10—Effect of Nickel; Heat F904L310 
Up to the highest value tested, the Vield Tensile Elong Bet in 
addition of molybdenum has very little 
effect on the strength and elongation of the =" 
imen and only a moderate effect on 
of The peculiar vari- 2440 21.70 59,000 92,000 36 44 
- 2441 23.04 57,000 90,000 39 46.5 
ations at the lowest molybdenum percen- 2442 24 64 56,500 88.500 35 36 
tages are apparently random deviations 2443 26.10 56,500 88,000 34 37 
without rational explanation. : 68,000 90,000 40 42.5 


The effect of columbium is shown in 
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additions alone. There was also an in- 
crease in silicon amounting to 0.25%, but 
the absence of cracks in the broken speci- 
mens is attributed to the presence of 
ferrite in the crystal structure (Figure 
11 (c)). 

Since all three elements, molybdenum, 
columbium and chromium, appear similar 
in their effect on the tensile properties of 


several ways. Certain tests of each heat of 
core wire had already been in practice; 
these were extended to cover each produc- 
tion run of each heat, and control tests 
were instituted for the coating ingredients. 
Together these controls changed the pro- 
duction conditions almost overnight from 
a dark picture in which half of the heats 
were found unsuited for the titania coat- 


Table 11—Effect of Molybdenum; Heat F904L310 


ing, to a bright pattern in which in a year 
and a half only a half dozen heats have 
been found unsuitable for titania type 
coatings. 


The starting point for control of phos- 
phorus was the core wire analysis. The 
steel mills cooperated nfagnificently by 
melting to a more rigid specification with 
lower limits on both sulphur and phos- 
phorus. The coating ingredients were 
then inspected for phosphorus, and speci- 
fications were tightened in the few cases 


Yield Tensile Elong Red. in in which it wee possible. Chemical anal- 
Lab. Molybdenum, Strength, Strength, in 2 In., Area, yore for phosphorus in the critical coating 
No. % Psi. Psi. % % ingredients were added to the routine con- 
2444 0.07 60,500 92,000 40 53.5 trol tests. Several high phosphorus ship- 
2445 0.25 61,000 2,000 36 44 ments of chemicals were found, which were 
2446 0.39 61,500 92,500 37.5 47 discarded. 
= Silicon was maintained within the onti- 
, 91,0 <9 mum range by a careful control of the 
2611 2.73 60,000 92,500 38 41.5 amount and particle size of the ferrosilicon 
used as a deoxidizer in the coating. Also 
25-20 alloys, the correlation of all data = 
was Table 12—Effect of Columbium; Heat F904L310 
ferrite-forming elements was computed in 
Table 14 using the empirical formula Vield Tensile Elong. Red. in 
P . Lab. Columbium, Strength, Strength, in 2 In., Area, 
Chromium equivalent = No. % Psi. Psi. %, %, 
Cr+15Mo +2Cb 2490 1.91 65,000 93,000 28.5 36.5 
where Cr, Mo and Cb represent the per- 65,000 92,000 31.5 38 
centages of the elements. The effective- 2491 2.14 64,000 92,500 29 35.5 
ness of molybdenum as a substitute for 2492 2.94 ena ay as ~ 
chromium has been estimated at 1.5. 64.000 96 000 20.5 21.5 
This value fits the present data better than : : 2 : 
the factor of 2 which was found effective 
7 2 the silicon content of the core wire was 
Table 13—Effect of Chromium; Heat F904L310 kept within closer limits by the steel mills. 
Vield Tensile Elong. Red. in In order to determine which heats were 
Lab. Chromium, Strength, Strength, in 2 In., Area, suitable for the a.-c.—d.-c. coating, it had 
No. % Psi. Psi. % % already been the practice to pretest each 
2432 25.68 62,000 94,500 44 50 25-20 heat by processing a small sample 
2433 27 .62 61,000 94,000 40 51 with the titania-type coating, and welding 
2434 30. 55° 67,000 101,500 19 18.5 duplicate all-weld-metal tensile bars. If 
2435 34.58 78,500 96,500 2 2.5 the chemical analysis was within range and 
the elongation exceeded 30% in 2 in., it 
in the Rustless investigation of 19-9 weld I ConOnaane COMBINED EFFECT OF CHROMIUM, 
metals. Columbium is estimated to be 0g MOLYBDENUM, & COLUMBIUM 
twice as effective as chromium. =, 
As shown in Fig. 6, the data for the high é 
molybdenum and high columbium ex- 
periments plot very well on the same ° 
smooth curve with the chromium data 8 
when computed as chromium equivalents = 
in this manner. The tensile strengths do . & 
not correlate so well as the elongations and io 
yield strengths, but the over-all picture is - 
reasonably good. 
Production Control of A.-C.-D.-C. 25-20 
Electrodes 
4 ° 
The limitations and general relation- a 40 — | 
ships uncovered during this investigation 
of the fundamental effects of each of the 
common alloying elements crystallized \ 
many nebulous theories about the be- 20 | 
havior of 25-20 electrodes and the con- a ' 
trols necessary to their production, and S 
quickly improved the general quality Sa | | Eu. 
level of the titania type a.-c.—d.-c. electrode airs | | te 
by indicating the elements to watch and 25 27 29 3! 33 235 27 29 3 33 
the adverse effects to be fought. % CHROMIUM CHROMIUM EQUIVALENTS 


The improved production controls 
aimed at a reduction in phosphorus and 
silicon contents, to be accomplished in 
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Fig. 6—Effect of Chromium and Combined Effect of Chromium, Molybdenum and 
Columbium 
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Hy Lab 
No. 
244 
244 
244 
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Table.14—Combined Effect of Chromium, Molybdenum and Columbium 


Chrom- Molyb- Colum- Chromium Vield Tensile Elong. 
Lab, ium, denum, bium, Equiva- Strength, Strength, in 2 In., 
No. % % % lent* Psi. Psi. % 
2444 24.98 0.07 +" 25.09 60,500 92,000 40 
2445 24.94 0.25 2 25.32 61,000 92,000 36 
2446 24.92 0.39 i 25.51 61,500 92,500 37.5 
2432 25.68 ee oF 25.68 62,000 94,500 44 
2447 24.87 0.62 = 25.79 61,000 92,000 38.5 
2433 7.62 oP ies 27 .62 61,000 94,000 40 
2611 24.30 2.73 " 28.40 60,000 92,500 38 
2490 24.82 a 1.91 28.64 65,000 92,500 30 
2610 24.95 2.63 oa 28.90 59,500 91,500 32 
2491 24.83 my 2.14 29.11 63,500 92,500 26.8 
2434 30.55 30.55 67,000 101,500 19 
2492 24.70 2.94 30.58 65,000 94,800 15.5 

78,500 96,500 


Fig. 7—Specimen 2422: Typical Strength, Good Ductility 


This was deposited by electrode with low phosphorus, low silicon. It shows freedom 


from fissures and good elongation and reduction. 


{ 


Fig. 8—Specimen 2425: Typical Strength, But Many Fissures 


This deposit is high in phosphorus. It fails to elongate or reduce in area because of 
the premature opening of microcracks present throughout all weld beads. Elongation 
oe gy for such specimens is fallacious, as it mostly represents extent of opening of 
cracks. 


Fig. 9—Specimens 2080L: Low Strength, with Very Many Fissures and Very Low 
Ductility, Resulting from High Silicon and Phosphorus 


The cracks were visible to the naked eye throughout the weld joint before the tensile 
bars were machined. The specimens failed shortly beyond the yield point with very 
little elongation. 
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was fairly certain that the transverse ten- 
sile specimens would exceed the elongation 
required by the Navy Specification. Suc- 
cessful heats were thus released for proc- 
essing, and unsatisfactory heats diverted 
to the lime-type coating. 

These pretests were later applied to each 
size of each heat and were supplemented 
by the introduction of post tests of similar 
scope, testing a sample of each production 
run for each size of each heat. Unfortu- 
nate combinations of borderline coating 
chemicals and borderline heats were then 
easily recognized. Later, when core wire 
was being supplied only under the revised 
specifications, such borderline conditions 
became very rare, nearly every heat being 
successfully processed as _ titania-type 
a.-c.-d.-c. electrodes. 

A practical or empirical answer has thus 
been found to most of the questions which 


Fig. 10—Specimen 2080L: Internal Fissure 
in the High-Silicon, High-Phosphorus 
Tensile Specimen at 100 Magnifications 


The fissures are invariably associated 
with the grain boundaries. Etchant: 10% 
oxalic acid, electrolytic. 
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Fig. 11 


(a) Specimen 2422: Typical fully austenitic structure of the normal 25-20 weld metal. (b) Specimen 2492: 
Columbium carbides and ferrite are introduced into the austenite matrix when the weld metal contains about 
3% Cb. (c) Specimen 2434: The amount of ferrite in this specimen containing about 30% Cr is similar to 
that shown in Fig. 11 (b), but the carbides are absent. 


Magnification: 1000 X (Reduced 25% in reproduction). 


the titania electrode posed, and yet the 
fundamental question still remains un- 
answered. Why does the lime-type 25-20 
electrode perform so much better than the 
titania type? While the answer to this 
question has rot been found, the present 
investigation has refined the problem and 
changed the emphasis—we now ask ‘‘Why 
does the lime-type electrode tolerate more 
phosphorus and silicon than the titania 
type?”’ 


Conclusions 


1. The addition of carbon to 25-20 
weld metal from both lime-type and 
titania-type electrodes strengthens the 
weld metal and causes a corresponding 
decrease in ductility. Carbon up to 0.20% 
gives sufficient ductility, however, to 
meet the requirements of the Navy’s 
Specification controlling the quality of 
electrodes for armor plate welding. 

2. Excessive amounts of sulphur, sili- 
con and phosphorus in weld metals de- 
posited by the titania-type electrodes 
cause fine fissures to appear on the surface 
of all-weld-metal tensile specimens, result- 
ing in low strength and ductility. The 
acceptable limits for these three elements 
are considerably lower for titania-type 
electrodes than for lime-type electrodes. 
Furthermore, the limits are interdepend- 
ent; in the case of silicon and phos- 
phorus, which are the more difficult ele- 
ments to control, silicon must be limited 
to 0.60% maximum when phosphorus is 
0.016%, but must be lowered to 0.40% 
maximum when phosphorus reaches 
0.024%. 

3. Additions of nickel and manganese, 
which are considered austenite-forming 


Etchant: 10% oxalic acid, electrolytic. 


Fig. 12—Specimens 2434 and 2492: High Strength, Low Ductility 


These are high chromium and high columbium deposits, respectively. There are no 
cracks or fissures, but strength is excessively high and elongation fails to meet recuired 


30% minimum. 


elements, have little effect on the tensile 
properties of 25-20 weld metal, which is 
fully austenitic in the usual range of analy- 
ses 


4. Molybdenum, columbium and 
chromium additions have little effect on 
the tensile properties in the range of com- 


positions normally encountered. When . 


excessive amounts of these elements are 
added, the crystal structure becomes par- 
tially ferritic which increases the strength 
and decreases the ductility. The absence 
of fissures in the tensile specimens, despite 


high silicon contents resulting from the 
deoxidizing power of the added elements, 
is explained by the presence of the ferrite 
phase. 

5. Successful production of a.-d.—d.-c. 
25-20 electrodes is attributed to the care- 
ful control of those elements which were 
found to cause fissures in the tensile speci- 
mens. The melting of 25-20 core wire 
heats to restricted composition specifica- 
tions resulted in raising the proportion of 
heats acceptable for titania-type electrodes 
from less than 50 to almost 100%. 
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Summary 


countered in the manual are welding of nickel- 

chromium-iron alloys containing 35 to 80% of 
nickel and 15 to 20% of chromium. It has been found 
that silicon causes weld hot cracking in these alloys and 
that the introduction of columbium into the fusion 
counteracts the effect of silicon. 

There is a direct relationship between the silicon con- 
tent of the fusion and the columbium content required to 
eliminate weld hot cracking. Hence when the Cb/Si 
ratio in the weld metal exceeds a minimum value, which 
varies from alloy to alloy, uncracked welds can be con- 
sistently obtained. 

An 80 nickel-14 chromium-6 iron electrode designed 
to deposit weld metal meeting the Cb/Si minimum ratio 
requirement for this alloy has been successfully used in 
commercial fabrications for which previous commercial 
electrodes were inadequate because of hot cracking de- 
ficiencies. 


; STUDY has been made of weld hot cracking en- 


Introduction 


Nickel-chromium alloys containing little or no iron 
have, for some time, been widely used in industrial 
applications where corrosion resistance and low iron 
pickup or high temperature oxidation resistance are 
requisites. In addition, recent technical and engineering 
developments have created a demand for alloys which 
will withstand service conditions involving stress at high 
temperature, not infrequently in a corrosive medium. 
This has resulted in an increasing interest in modified 
nickel-chromium-iron alloys of relatively high nickel con- 
tent, because the oxidation and corrosion resistance and 
creep strength of these special alloys make them uniquely 
suited for such applications. 

In many instances these alloys were fabricated by 
welding, with the manual arc process frequently being 
specified for reasons of speed, economy and minimum 
distortion. The commercial electrodes available for the 
manual welding of these alloys were satisfactory for 
many applications, but in using the electrodes under 
conditions involving stress such as occur in welding heavy 
plate or rigid structures, serious weld cracking was fre- 
quently encountered. Since the trend in fabrication was 
toward structures in which highly stressed welds were 
involved, it was essential that the deficiencies of these 
electrodes be overcome. Therefore a study was under- 
taken to determine the cause of the cracking and to seek 
a means of eliminating it. 

* Scheduled for Twenty-Seventh Annual Meeting, A.W.S., Atlantic City, 
N. J., week of Nov. 17, 1946. 


¥ Metallurgists, The International Nickel Co., Inc., Research Laboratory, 
Bayonne, N. J. 


The Control of Weld Hot Cracking in 
Nickel-Chromium-Iron Alloys 


By T. E. Kihlgrent and C. E. Lacy! 
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Scope of Work 


The alloy of immediate interest was a nickel-chromium- 
iron of the nominal composition: 80% nickel-14% 
chromium-6% iron. The work was subsequently ex- 
tended to include three other alloys of commercial in- 
terest. Throughout the paper these alloys will be re- 
ferred to by their percentages of nickel, chromium and 
_ in the order named. The four alloys are listed be- 
ow: 


80-20 nickel-chromium alloy 

80-14-6 nickel-chromium-iron alloy (Inconel) 
60-15-25 nickel-chromium-iron alloy 

35-15-50 nickel chromium iron alloy (AISI Type 330). 


Definition and Description of Weld Hot Cracking 


The weld cracking encountered in these alloys is 
manifested in lowered ductility in bend tests, and im- 
paired strength properties. Cracking can often be de- 
tected on the bead surface during welding or, in less 
severe cases, is readily seen upon examination of etched 
cross sections of the welds. The cracking occurs at high 
temperature and is of the intergranular or interdendritic 
type. Since these alloys are austenitic and undergo no 
phase transformation, the cracking is believed due to hot 
shortness. The term ‘‘weld hot cracking’ has been 
applied to this type of weld failure. As the cracking is 
encountered in welding heavy plate or rigid structures, it 
occurs as a result of stress, but since some alloys remain 
uncracked under similar conditions of stress, the cracking 
must be attributed to hot shortness inherent in the par- 
ticular composition of weld metal deposited. 

It may be observed that a wrought alloy having a com- 
position identical to that of a deposit which tends to ‘“‘hot 
crack’”’ may often be forged and hot rolled without undue 
difficulty. This suggests that a weld may have less 
tolerance for elements which diminish the hot ductility 
of the alloy than has the homogeneous wrought material. 
With this in mind, the problem of determining the 
causes of weld hot cracking involved not only a search 
for the presence of elements not normally reported in 
heat analyses, but also a study of the elements commonly 
present in rolling mill alloys. 


Evaluation of Weld Hot Cracking 


A method of evaluation of weld hot cracking tendencies 
was required which would be economical of material and 
time, simple and reproducible, sufficiently severe so that 
electrodes unsuitable for production fabrication would be 
immediately eliminated from consideration, yet not so 
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Fig. 1—''X-Weld Crack Test Specimen’ Used for Evaluating 
Weld Hot Cracking 


rigid that commercially acceptable electrodes would also 
be ruled out. 

A variety of crack test specimens including grooved 
plate beads, tee weld tests, restrained bead tests, re- 
strained butt welds and various modifications of these 
were tried and discarded either because of lack of re- 
producibility or sensitivity, or excessive consumption of 
material and time. 

The specimen finally adopted was one which has been 
designated the ‘“X-weld crack test specimen.” A 
photograph of a completed X-weld is shown in Fig. 1. 
Two 3-in. long pieces cut from 1-in. square bar stock are 
clamped with their edges together to form a double vee 
groove. Passes are laid in, two at a time, on alternate 
sides of the double vee, allowing the specimen to cool to 
about 100° F. or lower between each pair of passes. 
With °/3:-in. electrode a total of twelve passes is normally 
employed using the bead sequence shown in Fig.1. The 
specimen is clamped for the early portion of the test, 
and is subsequently left unclamped for the balance of the 
test. During welding each pass is examined visually to 
determine whether any gross cracking has occurred. On 
completion of welding, the specimen is sectioned as 
shown in Fig. 2, and the cross sections are polished, etched 
and examined for cracks under a binocular microscope. 

The X-weld test is a simple one, requiring relatively 
little time or material, and has been found to be readily 
reproducible. Electrodes which are very sensitive to 
weld hot cracking are eliminated early in the test. For 
example, one of the commercial 35-15-50 electrodes 
produced visible bead cracking after the third pass. 
Electrodes having slight welding cracking tendencies 
usually exhibit no detectable cracking during welding, 
the cracks being first observed in the etched cross sec- 
tions of the completed weld. Electrodes rated free 


Fig. 2—Method of Sectioning the X-Weld Crack Test Specimen 
to Determine Extent of Cracking 


770-s 


WELDING RESEARCH SUPPLEMENT 


of weld hot cracking, of course, exhibit cracks neither 
during welding nor upon close examination of cross 
sections. Figure 3 shows typical sections of ‘‘un- 
cracked”’ and “‘severely cracked’’ X-welds. 

Based on experience to date, the severity of the test is 
such that electrodes which produce uncracked welds are 
suitable for all types of joints required in normal field 
fabrication welding. However, it apparently is not 
severe enough to predict consistently the performance of 
an electrode ‘in operations where segmented pieces are 
welded to solid plate of heavy thickness. In such joints 
heavy stress concentrations exist at the segment inter- 
faces, and inter-crevice cracking often occurs even with 
electrodes which are now in wide use for production 
welding. 


Fig. 3—Sections of “Uncracked” (Top) and “Severely 
Cracked” (Bottom) X-Welds 


Effect of Silicon 


The first studies of the weld hot cracking tendencies 
were made on the 80—-14-6 alloy. Inasmuch as the weld 
analyses with respect to commonly present elements 
showed compositions which could be hot forged and hot- 
and cold-rolled without undue difficulty, it was at first 
thought that other elements not normally determined 
were responsible. For example, it was known that very 
small quantities of lead, of the order of 0.01% ox less, 
greatly diminished the hot ductility of high nickel alloys, 
and the possibility of lead contamination through the 
flux coating ingredients was present. The effect of 
sulphur on hot and cold malleability was also appreci- 
ated, as well as the effect of the possible loss, to a serious 
degree, of residual elements, originally added to insure 
hot and cold malleability. Careful check of these 
possibilities eliminated them as the primary cause of 
weld hot cracking in the present circumstances, although 
it must be emphasized that they also may be, and not 
infrequently have been, responsible for weld cracking. 

Attention was then centered on some of the other 
commonly found elements. The first lead came when 
two welds differing considerably in their degree of hot 
cracking were found to vary mainly in their silicon con- 
tent, the source of the silicon being the sodium silicate 
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1.39% Silicon 


Fig. 4—Effect of Silicon on the Extent of Hot Cracking in 80 
Ni-14 Cr-6 Fe X-Welds 


1.28% Silicon 


Fig. 5—Effect of Silicon on the Extent of Hot Cracking in 80 
Ni-20 Cr X-Welds 
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binder, which had been reduced in the are during welding. 
This lead received further support when it was found 
that core wire coated with a flux in which silicon and its 
compounds were absent, except as impurities in the flux 
ingredients, yielded an electrode having moderately good 
resistance to weld hot cracking. The effect of silicon 
was definitely confirmed by adding the element, as pow- 
dered ferro-silicon, to the improved flux, whereupon 
weld hot cracking was clearly aggravated. The silicon 
effect was subsequently demonstrated repeatedly by the 
introduction of this element into the fusion by either (1) 
the chemical reduction of silica content minerals in the 
arc, (2) the addition of powdered ferro-silicon to the flux 
or (3) the use of silicon-bearing core wire. 


6 


C olumbium 


Cent 


Per 


UNC RACKED 
SLIGHTLY CRACKED 
MEDIUM CRACKING 
SEVERE CRACKING 


@eeo 


O | 2 3 


Per Cent Silicon 
Fig. 6—Relationship Between Hot Cracking Tendency of 80 
Ni-14 Cr-6 Fe X-Welds =~ Their Columbium and Silicon 
ontents 


Figure 4 shows the hot cracking behavior of welds in 
the 80-14-6 alloy at 0.42% and 1.39% silicon levels, 
using the X-weld crack test as a criterion. In this case, 
the silicon was introduced by the addition of ferro-silicon 
to the flux coating. The greater degree of hot cracking 
in the high silicon weld is apparent in the figure. Silicon 
was also found to cause weld cracking in the 80-20 alloy. 
Figure 5 depicts the hot cracking tendency of 80-20 
welds at two silicon levels. In the latter alloy, the 
silicon was introduced through the core wire, and the 
two wires coated with the same flux. 


Effect of Columbium in Counteracting Silicon 


By careful control of the flux coating ingredients so as 
to minimize silicon pickup in the weld metal, it was 
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plish this result is 4.5 in the case of 


the 80—-14-6 alloy, and when the Cb/ Ww 
Si ratio exceeds this amount welds d 
acceptably free of weld hot cracking P 
are obtained. F 
In Fig. 7 are sketched cross sections - 
of X-welds which show how an in- t 
crease in the Cb/Si ratio decreases t 
hot cracking (1) when the ratio is in- r 
creased by raising the columbium at 
a constant silicon level (A to C) and a 
(2) when the ratio is increased by de- . 
£B 0%. 90 £B_ 140 % 2.65 % _5.7 creasing the silicon content at a con- 
S! 0.46% 1 stant columbium level (D to F). f 
Application of Columbium-Silicon . 
Relation to Arc Welding Other ‘ 
Alloys 


Since silicon was shown to produce 
hot cracking in the 80-20 as well as 
the 80-14-6 alloy, it seemed reason- 
able to expect that it was also the 


F cause of weld hot cracking in the 

lower nickel content alloys. Further, 

200% LB 2.63% 2-1 CB 2.65% _ 5-7 it seemed probable that a suitably 

bs high Cb/Si ratio might eliminate weld 

Fig. 7—Effect of Columbium to Silicon Ratio on the Extent of Hot Cracking in 80 Ni- hot cracking in all these alloys. Tests 
similar to those made for the 80-146 

A to C at a constant silicon level; D to F at a constant columbium level. alloy were therefore carried out for the 


80-20, 60-15-25 and 35-15-50 alloys. 


possible to produce electrodes far less sensitive to weld 
hot cracking than were those in commercial use. Em- 
ploying the improved electrodes, joints having excellent 6 
properties were made under conditions producing vigor- 

ous hot cracking with commercial electrodes. However, upg 
even under such controlled conditions it was impossible 

to reduce the amount of silicon in the fusion sufficiently 

to eliminate entirely the weld hot cracking tendencies. 5 
It was therefore obvious that some method of “‘fixing”’ 

the silicon unavoidably present was needed. 

In the course of the search for an electrode providing a O 
solution to this problem it was noted that the addition of 
ferro-columbium, primarily for the purpose of stabilizing 
carbides, appeared to give increased resistance to weld 
hot cracking. In a further series of tests designed 
primarily to demonstrate the effect of silicon, it was 
observed that, at a given silicon level, hot cracking de- 
creased as the columbium content increased. 

By combining the two approaches, the one of keeping 
silicon to a minimum in the fusion, and the other of 
adding columbium to neutralize the silicon inadvertently 
Dot 8 present, electrodes capable of producing uncracked welds 

ey were devised. Thus, it appeared that by suitable con- 
a trol of the columbium to silicon relationship, a solution 
to the weld hot cracking problem was possible. 
Soret In order to determine the nature of the Cb/Si relation- 
ship required to eliminate weld cracking in the 80-14—-6 
arate alloy, a series of electrodes designed to give welds of 
varying columbium and silicon content were extruded. 
The electrodes were subjected to X-weld crack tests, and 
the results evaluated on the basis of “‘no cracking,” and 
“slight,” ‘‘moderate’’ and ‘“‘severe’’ cracking. The 
welds were then analyzed for silicon and columbium and 
the hot cracking tendency indicated on the columbium 


Columbium 
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vs. silicon graph shown in Fig. 6. | . 2 3 
From the graph, it is observed that there is a direct “ 

relationship between the silicon content of the fusion and Per Cent Silicon 

the columbium content required to eliminate weld hot Fig. 8—Relationship Between Hot Cracking Ten of 80 
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The cracking tendencies were again measured by X- 
welds, the columbium and silicon contents of the welds 
determined, and the cracking tendencies plotted by type 
points on the Cb-Si graphs. The data are shown in 
Figs. 8, 9 and 10 for the 80-20, 60-15-25 and 35-15-50 
alloys, respectively. As in the case of the 80-14-6 alloy, 
there is a direct relationship for all three alloys, between 
the silicon content of the weld and the columbium content 
required to eliminate hot cracking. 

In the case of the 80-20 alloy, a Cb/Si ratio of 3.8 is 
apparently sufficient to prevent hot cracking. As the 
iron content increases, the required Cb/Si ratio rises 
quite sharply and present data suggest a ratio of about 7 
for the 60-15-25 alloy. The data on the 35-15-50 
alloy are inadequate to fix the required ratio precisely, 
due to thability to introduce the large amounts of 
columbium required without an objectionable degree of 
silicon pickup in the weld. The data suggest rather 
clearly, however, that uncracked welds can be obtained 
with a sufficiently high Cb/Si ratio, probably of the order 
of 8. 

In comparing the Cb/Si critical ratios for the four 
alloys, it is thus seen that the ratio is not the same for 
the whole range but increases, at a given chromium 
level, with increasing iron content. The present data, 
therefore, suggest the following minima for prevention of 
weld hot cracking: 


80-20 Cb/Si ratio = 3.8 
80-14-56 Chb/Siratio = 4.5 
60-15-25 Cb/Siratio = 7 (approx.) 


35-15-50 Cb/Siratio = 8 (approx.) 


Application of Principle to Welding Electrode 


The dominant factor controlling weld hot cracking is 
the Cb/Si ratio in the fusion, the composition of which 
will depend on the composition of the metal deposited by 
the electrode, the composition of the plate metal and the 
amount of plate dilution. Thus for welding plate of 
standard composition, an electrode which is to provide 
crack-free welds must be designed to introduce into the 
fusion a minimum amount of silicon and sufficient 
columbium to counteract the silicon originating from the 
plate metal and the electrode. 

Silicon introduced by the electrode is minimized by (1) 
the use of a low silicon core wire, (2) the use of low silicon 
metallics in the coating and (3) the avoidance of flux 
ingredients reducible to silicon. The latter is of par- 
ticular importance in high nickel alloys for which strong 
reducing agents are required for deoxidation. These de- 
oxidizers have been found to reduce the silicon in such 
commonly used flux ingredients as feldspar and sodium 
silicate, the silicon thus reduced entering the fusion. 
The reduction of silicates in the arc has not been properly 
appreciated in the past and has received little attention 
in the literature on welding electrode coatings. Colum- 
bium may be introduced into the fusion either through 
the core wire, the flux coating or both. Sufficient colum- 
bium is added to exceed the minimum Cb/Si ratio by a 
comfortable margin. 

It was pointed out above that the Cb/Si ratio in the 
fusion depended on the composition of the plate metal 
and amount of plate dilution as well as the composition 
of the metal deposited by the electrode, and the first two 
factors cannot be overlooked. Thus an electrode de- 
signed to weld an alloy containing 0.3% silicon might 
not give crack-free welds on the same alloy containing 
1.50% silicon, since silicon pickup from the plate could 
lower the Cb/Si ratio of the fusion below the critical 


HOT CRACKING IN NICKEL-CHROMIUM-IRON ALLOYS 


value for the alloy. Further an electrode designed for 
welding a specific alloy cannot be indiscriminately used 
for welding other alloys since plate dilution will change 
the base composition of the fusion, and consequently the 
critical Cb/Si ratio required to prevent cracking. In 
some instances the ratio may be lowered making the 
electrode applicable without danger of weld hot cracking. 
In others, the ratio may be raised, in which case the suita- 
bility of the electrode will depend on the care taken to 
minimize plate dilution 


Properties of 80-14-6 Welds 


An 80-14-6 electrode designed to deposit weld metal 
meeting the minimum Cb/Si ratio for this alloy has per- 
mitted the production of crack-free welds, having ex- 
cellent physical properties, on plate up to 1 in. in thick- 
ness. The electrode has been successfully used in com- 
mercial fabrications for which previous electrodes were 
inadequate because of weld hot cracking deficiencies. 
Typical physical test data on welds made in plate of 
various thicknesses with this electrode are given in 
Table 1. 

Representative free bend specimens are shown in Fig. 
11. 
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General Discussion of Weld Hot Cracking and 
Its Control 


cracking encountered in nickel-chromium-iron alloys 
which are normally malleable can be traced to composi- 
tion and that by suitable compositional adjustments the 
hot cracking tendencies can be largely eliminated. 
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Fig. 10—Relationship Between Hot Cracking Tendency of 35 
Ni-15 Cr—50 Fe X-Welds = Their same Rote and Silicon 
ntents 


This study has definitely established that weld hot 


Table | 
Free Bend TS. (Psi.) 
_ Plate Electrode % Elong., Navy Short 
Thickness, In. Size, In. No Failure Gage Spec. 
1/s 31 88,500* 
*/16 31 91,500* 
3/s 5/39 34-38 91,000- 7,500 
3/s 3/16 33 95,000 
5/s9 34-41 100,000-103,000 


* Broke in plate. 


Specifically, it has been found that silicon promotes hot 
cracking and that its effect can be neutralized by the 
presence of suitable amounts of columbium. There is a 
direct relationship between the silicon content of the 
fusion and the columbium content required to eliminate 
weld hot cracking. The critical Cb/Si ratio required to 
prevent cracking is not the same for all alloys, but, 
generally, tends to increase at a constant chromium 
level, as the nickel content of the alloys is decreased. 

At first glance, it is difficult to understand why silicon 
should cause welds to crack when ingots of the same 
composition containing the same amount of silicon are 
readily hot forged and hot rolled. For example, 80-20 
containing 1 to 1.5% silicon is regularly produced in 
wrought form even though this amount of silicon will 
produce severe weld hot cracking. While the cast 
structure of the weld is somewhat similar to that of an 
ingot, there are several important differences. The 
freezing rate of the weld is considerably faster, coring 
effects are more pronounced, and the stress conditions to 
which the solidifying inetal is subjected are of different 
magnitude from those set up in the freezing of the ingot. 

While it has been clearly demonstrated that weld hot 
cracking is definitely related to the silicon content, the 
mechanism of the hot cracking and an explanation for its 
elimination by columbium have not been obtained. 
The two most probable reasons for the silicon effect are 
(1) the presence of an intergranular or interdendritic 
low melting phase or (2) the presence of a brittle con- 
tinuous grain boundary phase. Confirmation of neither 
view has been obtainable by careful metallographic 
studies, which would suggest that the former is the more 
logical of the two reasons advanced. The effect of 
columbium is also uncertain. It is possible that a phase 
or intermetallic compound containing both columbium 
and silicon is formed, the new phase being solid at the 
temperatures at which hot cracking occurs in the un- 
modified weld metal. Columbium may alter the equi- 
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Fig. 11—Bend Tests on 80 Ni-14 Cr-6 Fe Welds Made with an Electrode Designed to Deposit Weld Metal 
Meeting the Minimum Cb/Si Ratio for This Alloy 
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librium relationship, with consequent changes in the 
freezing range, or in the amount and distribution of 
solidification shrinkage. While a clear-cut and demon- 
strable explanation would, of course, be desirable, at 
least advantage can be taken of the data now available to 
exert a commercially practicable control over weld 
cracking. 

It should be kept in mind that the relationships estab- 
lished apply to alloys containing 35-80% nickel with 
chromium varying only from 15 to 20%. The effect of 
greater changes in the chromium content on the critical 
Cb/Si ratio has not been investigated, nor has the effect 
of modification of the individual alloys by significant 
additions of other elements. Generally it would be ex- 
pected that changes in composition along either of the 
above lines would result in an alteration of the critical 
ratio. Further, it is quite possible that elements other 
than columbium will have an effect similar to columbium 
on at least some of the alloys in the range investigated. 
Such elements might completely replace columbium, or 
might decrease the amount of columbium found neces- 
sary to eliminate cracking. Such a development would 
be particularly useful in the low nickel range, where un- 
fortunately high Cb/Si ratios seem necessary. 

It has been pointed out that for the alloys studied, the 
critical Cb/Si ratio required to prevent weld cracking in- 
creases as the nickel content of the alloys is decreased at 
a constant chromium level. But this does not mean that 
the analogy can be extended beyond 35-15-50 to the 25 
chromium-—20 nickel, and the 18 chromium-8 nickel 
types of alloy which differ in freezing and high tempera- 
ture strength characteristics and in weld hot cracking 
tendencies. In welding ferritic materials with 25-20 
electrodes, weld hot cracking has sometimes been 
observed. However, in the welding of austenitic ma- 
terials 25-20 welds are considerably less susceptible to 
hot cracking than 35-15 welds, and 18-8 is reputedly 
less sensitive than 25-20. For applications where hot 
cracking may now be encountered with commercial 
25-20 electrodes, the introduction of effective amounts of 
columbium into the fusion through the coating or core 
wire merits consideration as a corrective measure. 
Hitherto such additions have been made primarily for 
the purpose of stabilizing carbides. 

With attention focused on silicon as an offender, it 
should not be forgotten that other elements, like sulphur 
and lead, for example, will cause weld hot cracking. 
Care must be taken in the specification of flux ingredi- 
ents, in wire production, and in joint preparation to keep 
these elements as low as possible, else hot cracking may 
occur even though a satisfactory Cb/Si ratio is secured in 
the fusion. 

While weld hot cracking can be caused and controlled 
by weld composition, the accumulation of stress during 
welding and solidification plays an important role. 
Cracking must thus be considered a function of both 
composition and stress, the latter being caused by weld 
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shrinkage, and thermal expansion and contraction of the 


plate metal. After the alloy composition has been ad- 
justed to obtain the least possible sensitivity to hot 
cracking, attention must then be given to the welding 
procedures and the methods of jigging which will keep 
stresses as low as possible while the weld metal is cooling 
through the temperature range in which cracking may 
occur. Most of these precautions are, of course, gener- 
ally recognized in the welding field. The value of using 
considerably heavier beads as a means of minimizing 
cracking is less well known and should be emphasized. 

Finally, the control of weld hot cracking as discussed in 
the present paper has been concerned solely with the 
manual are process. However, it seems reasonable that 
the principle developed for controlling weld cracking in 
nickel-chromium-iron alloys should be applicable to other 
welding processes. Thus, if weld hot cracking attribut- 
able to silicon is encountered in using other processes, it 
should be possible to eliminate the cracking by suitable 
control of the Cb/Si ratio in the fusion. 


Conclusions 


1. Weld hot cracking encountered in the manual are 
welding of nickel-chromium-iron alloys—specifically 80 
Ni-20 Cr, 80 Ni-14 Cr-6 Fe, 60 Ni-15 Cr—25 Fe and 35 
Ni-15 Cr-50 Fe—can be eliminated through control of 
weld composition. 

2. Silicon produces weld hot cracking in all of the 
alloys studied, the hot cracking tendency being greater, 
the greater the amount of silicon present in the fusion. 

3. The addition of columbium to the fusion counter- 
acts the deleterious effect of silicon and makes possible 
the production of crack-free welds. 

4. There is a direct relationship between the silicon 
content of the fusion and the columbium content re- 
quired to eliminate weld hot cracking; thus crack-free 
welds are obtained when the Cb/Si ratio of the weld 
metal is maintained in excess of a critical value. 

5. The value of the critical Cb/Si ratio required to 
give uncracked welds is different for each particular 
alloy. The critical ratios for the 80-20, 80-14—6, 60-15~ 
25 and 35-15-50 alloys are 3.8, 4.5, 7 and 8, respectively. 

6. The controlled Cb/Si principle has been applied to 
the development of an electrode for welding the 80-14—6 
alloy. With this electrode uncracked welds having ex- 
cellent physical properties have been made on plate up to 
1 in. in thickness. 
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The Weldability of Ship Steels 


A Study of the Effects of Travel Speed, Preheat 
Temperature and Arc Power Level on the Notch 
Toughness of Weld Metal and Heat-Affected Zone 


By Ernest F. Nippes and Warren F. Savaget 


Summary 


HE impact strength-temperature relationships 

were measured for a variety of arc welds and their 

associated heat-affected zones. The weld metal 
was deposited on ship steel with electrodes having an 
iron-oxide-type coating. 

The weld metal quality, as measured by impact 
strength, was not appreciably affected within the range 
investigated by arc power level, arc travel speed, cooling 
rate and preheat temperature. Above room temperature 
the impact strength of the weld metal was markedly 
inferior to the original ship steel. Below room temper- 
ature the weld metal exhibited somewhat better impact 
properties than the original plate. 

The region of carbide coalescence or spheroidization 
has the poorest impact characteristics of the heat- 
affected zone. The spheroidized region in general ex- 
hibited poorer transition properties than the weld metal. 
However, at 200° F., the impact strength was found to be 
nearly double that of the weld metal. Above room tem- 
perature, the spheroidized zone proved markedly inferior 
to the original plate but below room temperature the 
difference in impact properties was small. 

The impact characteristics of the spheroidized region 
were not affected by changes in arc power level and arc 
travel speed, but were affected by the cooling rate adja- 
cent to the weld and the preheat temperature. The 
best properties in the range of transition from ductile to 
brittle fracture were obtained with moderate cooling 
rates, the worst with fast cooling rates and high preheat 
temperatures, indicating the possible presence of an opti- 
mum carbide-particle size. 


Introduction 


This program, approved and guided by the Weld- 
ability Committee, was financially supported by the 
Welding Research Council of the Engineering Founda- 
tion. The object of the program was the study of the 
notch toughness of weld and heat-affected metal resulting 
from a variety of arc-welding procedures. It was pro- 
posed to make these studies on steels which are considered 
generally weldable without special precautions. 

Two methods of attack were proposed: 

1. A study of the effect on weld quality and notch 
toughness of heat-affected zone of different rates of solidi- 
fication of weld metal as affected by differences in arc 


* Scheduled for Twenty-Seventh Annual Meeting, A.W.S., Atlantic City, 
N. J., week of November 17, 1946. 
+ Welding Laboratory, Rensselaer Polytechnic Institute, Troy, N. Y. 


travel speed. It was proposed in this case to eliminate 
the variable of cooling rate in the heat-affected zone, 
based on previous work in this laboratory. Thus weld- 
ing conditions would be selected to give a range of travel 
speeds with correlated values of arc power. To investi- 
gate the effect of travel speed more completely, it was 
proposed to use three different values of cooling rate. 

2. A study of the notch toughness of weld metal and 
heat-affected zone as affected by preheat temperature. 
In this case two techniques were proposed, constant cool- 
ing rate and variable cooling rate. 

With the constant cooling rate technique, welding con- 
ditions would be established to give identical cooling 
rates in the heat-affected zone with different values 
of preheat temperature. With increasing values of pre- 
heat temperature, the travel speed being constant, lower 
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energy inputs and correspondingly lower values of arc 
power would be required to obtain a given cooling rate in 
the heat-affected zone. Thus the effect of preheat tem- 
perature in overcoming the decreased fluidity of de- 
posited metal due to low values of arc power could be 
investigated. In order to study the effect of preheat 
more thoroughly, it was proposed to employ two different 
values of cooling rate. 

With the variable cooling rate technique a constant 
travel speed and a constant energy input would be se- 
lected, the cooling rate being allowed to vary with the 
preheat temperature. In this manner, it was proposed 
to study the effect of preheat temperature on weld 
quality and notch toughness of the heat-affected zone 
for two values of arc power level. 


Material 


Plate 


The material used for this investigation was produced 
to meet A.S.T.M. Specification A131-39, Structural 
Steel for Ships. Two analyses were used: 


Steel 1 0.24 0.42 0.046 0.062 0.014 0.13 0.035 0.22 0.007 
Steel 2 0.25 0.35 0.013 0.042 0.029 0.065 0.045 0.12 0.009 


The mechanical properties were as follows: 


Yield Point, Ult. Strength, % Elong. © Red. 

Psi. Psi. in 1.75 In. in Area 
Steel 1 34,600 61,400 34.3 64.8 
Steel 2 36,000 60,500 36.6 66.4 


Electrode 


The welding electrode used throughout the investiga- 
tion was */js-in. Murex Type F, which has an iron-oxide- 
type coating and is designed to meet A.W.S.-A.S.T.M. 
Specification E6020. All electrodes were of the same 
manufacturer’s lot number. The electrodes were thor- 
oughly dried at 230° F. and cooled to 72° F. before use 
to minimize hydrogen embrittlement of the weld metal. 


Equipment 
Welding 


All welds were made with automatic equipment in 
order to insure close control of welding variables. A 
General Electric Model 6WFH2AS8 automatic arc-weld- 
ing head, mounted on a Model 6WTA3B1 automatic 
arc-welding travel carriage, was adapted for automatic 
feed of standard 14-in. welding rod. Current for welding 
was supplied by a Lincoln 600-amp., Type SAE, motor- 
generator set. 


Measuring 


An Esterline-Angus Model AW Graphic Wattmeter, 
serial 28793, was used to record the arc power. Voltage 
was measured with an Esterline-Angus Model AW 
Graphic Milliammeter, serial 32489, used in conjunction 
with a Model 721 Weston Photoelectric Potentiometer, 
serial 256. Instantaneous values of arc travel speed 
were obtained visually from a converted Delco auto- 
mobile speedometer calibrated directly in inches per 
minute. Average arc travel speed was determined by 
means of a chronograph pen attached to the Graphic 
Milliammeter which recorded the arc voltage. A fol- 
lower of the arm of a microswitch attached to the travel 
carriage actuated the chronograph pen at the beginning 
and end of a measured distance. An Alnor Type 400 
Pyrocon was used to measure plate temperature. 


Testing 


All Charpy-Izod* impact tests were made with a 
Reihle combination impact testing machine, serial R 
12889. 


Procedure 
Selection of Welding Conditions 


The initial phase of the investigation involved only 
plates welded at room temperature using Steel 1. Weld- 


* Charpy-Izod specimens are Charpy Specimens with Izod vee notches 
having 0.01-in. radius at the base of the notch 
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Fig. 28—Effect of Arc Power Level and Travel Speed on the 
Impact Properties with a Cooling Rate Adjacent to the Weld 
of 30.8° F. per Second at 1000° F. 
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ing currents were selected corresponding to the maxi- 
mum, the minimum, the approximate mid-range, and 
one current 10% in excess of the values recommended by 
the manufacturer. The voltage throughout the investi- 
gation was maintained at 32 volts, midpoint of the recom- 
mended 28-34-volt range. Reversed polarity, i.e., 
electrode positive, was employed. 

This resulted in four fixed arc power inputs: 


1. 32 volts X 200 amp. = 6400 watts 
2. 32 volts X 240 amp. = 7680 watts 
3. 32 volts X 285 amp. = 9120 watts 
4. 32 volts X 325 amp. = 10,400 watts 


As a result of previous welding experience with '/2-in. 
plate, energy inputs were selected as follows: a mini- 
mum of 37,500 joules per inch, a maximum of 70,000 
joules per inch, and a mid-range value of 52,500 joules 
per inch. 

The travel speeds necessary to give these energy inputs 


with the selected arc power values were than calculated 
as follows: 


are power (watts) x 60 
energy input (joules/in.) 


Travel speed = 


Energy Input, Are Power, Travel Speed, 
Joules/In. Watts In./Min. 
37,500 6,400 10.20 
37,500 7,680 12.25 
37,500 9,120 14.60 
37,500 10,400 16.60 
52,500 6,400 7.31 
52,500 7,680 8.77 
52,500 9,120 10.41 
52,500 10,400 11.88 
70,000 6,400 5.49 
70,000 7,680 6.58 
70,000 9,120 7.82 
70,000 10,400 8.91 


The important transformation range for this steel 
being in the neighborhood of 1000° F., the cooling rates! 
of the coarse-grained region immediately adjacent to the 
fusion zone were found to be as follows: 


Cooling Rate 


Energy Input, at 1000° F. 
Joules/In. °F ./Sec. 
37,500 30.8 
52,500 15.3 
70,000 9.3 


The second phase of the investigation involved the 
influence of preheat on weld quality and notch toughness 
of the heat-affected zone using Steel 2. 

Two approaches were used for the preheat study: 

1. Constant Cooling Rate——With a constant travel 
speed, the energy input was selected to give the same 
cooling rate at all preheat temperatures. 

2. Variable Cooling Rate-—With a constant travel 
speed, and constant energy input, the cooling rate was 
allowed to vary with the preheat temperature. 

With increasing values of preheat temperature, the 
travel speed being constant, lower energy inputs, and 
correspondingly lower values of arc power are required 
to obtain a given cooling rate. Thus with the constant 
cooling rate technique, the effect of preheat temperature 
in overcoming the decreased fluidity of deposited metal 
due to low values of arc power was investigated. The 
following were the conditions for the constant cooling 
rate technique: 


+ The important transformation range is that subcritical range of tempera- 
ture within which elevated temperature transformation takes place most 
rapidly. 
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Cooling Rate Required Energy Input—Joules/In. 
at 1000° F., at Various Preheat Temperatures Travel Speed 


°F./Sec. 72°F. 200 °F. 400°F. In./Min. 
9.3 70,000 56,400 39,000 7.82 
15.3 52,500 42,700 30,800 10.41 


The variable cooling rate technique was employed to 
investigate the effect of preheat temperature on weld 
quality and notch toughness of the heat-affected zone 
with normal and excessive values of arc power. 


The following were the values for variable cooling rate 
study: 


——-Energy Input—70,000 Joules/In.——~ 
Cooling Rates—°F./Sec. at 
1000° F. at Various Preheat 


Travel Speed, Temperatures 
Arc Power, Watts In./Min, 72° F. 200° F. 400° F, 
7,680 (normal) 6.58 9.3 6.6 3.3 
10,400 (excessive) 8.91 9.3 6.6 3.3 


Plate Preparation 


On each 9- x 12-in. plate two 12-in. welds were made in 
grooves machined 3 in. apart equidistant from the edges 
of the plate, as shown in Fig. 1. Three passes were laid in 
each groove. All grooves were machined perpendicular 
to direction of rolling. The plates were grooved to a 
depth of 7/3: in., and a width determined by the energy 
input, in order to permit the deposition of the last three 
passes without the necessity of depositing the previous 
passes. The grooves were machined to a 40° included 
angle in order to duplicate conditions of butt welding 
with a back-up plate. 

Refinements in control and instrumentation of welding 
equipment allowed duplication of welding conditions well 
within + 1% of each welding variable. Three duplicate 
grooves could therefore be welded for each set of welding 
conditions in order to obtain a sufficient number of im- 
pact specimens. A system of numbering was employed 
which permitted identification of finished specimens with 
regard to their original positions. 


Specimen Preparation 


Charpy-Izod specimens were used throughout the 
entire investigation ‘to obtain an index of the notch 
toughness of various locations in the welded material. 
Specimens were cut transverse to the weld, 3 in. from each 
end being discarded to eliminate the end effect (see Fig. 
1), and machined to finished cross section before cutting 
to length. The specimens were then etched 3 min. in 
5% nital (5% alcoholic solution of nitric acid) in order to 
locate the deposited metal and the limits of various heat- 
affected zones near the weld. Results of notch location 
in each of the following five areas were investigated. 


1. The center line of the deposited weld metal. 

2. The coarse-grained heat-affected zone imedi- 
ately adjacent to the outer edge of the weld 
metal. 

3. The fine-grained heat-affected area in the region 
heated just above the A; temperature. 

4. The region where the temperature reached a value 
slightly below the A; temperature resulting in 
coalescence or spheroidization of carbide parti- 
cles. 

5. The original plate. 


The root of the Izod-type notch was located in the de- 
sired position relative to the transverse cross section of 
the weld, by setting a special jig, Fig. 2, with the aid of a 
30 power binocular microscope. With the index of the 
jig fixed at the chosen point, a line could then be scribed 
on the top face of the specimen marking the centerline 
of the notch. As a further check, this procedure was 
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repeated on the other side of the specimen. If the two 
scribed lines did not coincide, indicating a nonsymmetri- 
cal specimen, the sample was discarded. 

Testing 

Charpy-Izod specimens were tested over the range of 
temperature from —20° to 200° F. in order to observe 
the transition from ductile to brittle failure. Testing 
temperatures were attained by immersion of the speci- 
mens in a suitable liquid medium maintained at the re- 
quired temperature. The maximum time required for 
a specimen to attain thermal equilibrium with the liquid 
medium was determined by means of high-speed tem- 
perature-recording equipment over the range —20 to 
200° F. Since this maximum time was found to be 
approximately 4 min., specimens were held in the bath 
15 min. to insure ample time for equilibrium to be 
reached. 

Alcohol was used as the liquid medium for all tests 
below room temperature. The temperature of the 
alcohol was maintained in an insulated vessel by addition 
of dry ice. An image of a narrow slit was focused at the 
center of the opening between the jaws of the impact 
testing machine to allow rapid centering of the impact 
specimen. With the aid of this rapid centering proce- 
dure, completion of the impact test could be accomplished 
within 5 sec. after the instant of removal of the specimen 
from the bath. The surface temperature rise of the im- 
pact specimen associated with this time interval was 
determined by the use of high-speed temperature-record- 
ing equipment. The maximum temperature rise was 
approximately 1° F., and occurred at —20° F. As the 
value of testing temperature approached room temper- 
ature the specimen surface temperature rise decreased. 
Since the accuracy of bath-temperature measurement 
was considered to be ='/;° F., no temperature correc- 
tions were applied in the range — 20 to 78° F. 

A bath of water maintained at testing temperature on 
an electric hot plate was used for all elevated temper- 
ature testing. Over the range of testing temperatures 
from 78 to 140° F. the specimen surface temperature 
was found to drop less than 1° F. during the testing in- 
terval, and consequently the bath temperature was em- 
ployed as testing temperature without correction. The 
cooling rate for specimens tested from a bath of boiling 
water was obtained by high-speed-temperature-recording 
equipment. The true testing temperature was then 
found directly from the cooling curve by measuring the 


time between the removal of the specimen from the 
boiling water and the moment of impact. 


Results 


General Discussion 


All welds were given a visual inspection upon comple- 
tion as a preliminary indication of weld quality. With 
an energy input of 37,500 joules per inch, combinations 
of high arc power level and high travel speed tended to 
produce welds exhibiting incomplete fusion at the groove 
walls. Energy inputs below 37,500 joules per inch 
proved unsatisfactory in this respect even with a 400° 
F. preheat temperature. 

From the data obtained from impact testing, curves 
have been plotted showing impact strength as a function 
of testing temperature. For each individual set of weld- 
ing conditions, impact-temperature relationships for the 
heat-affected zone and the weld metal are shown on the 
same graph for ease of comparison, Figs. 3-26. The 
impact properties of the two original plate materials are 
shown graphically in Fig. 27. 

Analysis of the impact properties of the various posi- 
tions in the heat-affected zone showed that, of those 
considered, the region of carbide coalescence, or spheroid- 
ization, had the poorest impact characteristics, as shown 
in Figs. 7, 8 and 9. The results of tests involving the 
coarse-grained material adjacent to the deposited metal 
were probably not representative of the true properties of 
this zone. The observed values of impact strength in 
the coarse-grained material were undoubtedly high, be- 
cause the fracture traversed a large amount of fine- 
grained material. This behavior resulted from the 
slope of the heat-affected zone which was caused by the 
40° included angle of the groove walls. For similar 
reasons, the observed values of impact strength of the 
fine-grained material were low, because a portion of the 
fracture occurred through the region of spheroidization. 
Therefore, because of recognized difficulties involved in 
testing the coarse- and fine-grained material and the 
markedly inferior properties exhibited by the spheroid- 
ized zone, the investigation of the heat-affected zone 
was confined to the spheroidized region. 


Part I 


The initial phase of the investigation was devoted to a 
study of the effects of travel speed, arc power level, and 
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Fig. 29——Effect of Arc Power Level and Travel Speed on the 
Impact Properties with a Cooling Rate Adjacent to the Weld 
of 15.3° F. per Second at 1000° F. 


TESTING TEMPERATURE 
Fig. 30—Effect of Arc Power Level and Travel Speed on the 


Impact Properties with a Cooling Rate Adjacent to the Weld 
of 9.3° F. per Second at 1000° F. 
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Fig. 31—Effect of Energy Input or Cooling Rate on the Impact 


Properties with an Arc Power Level of 6400 Watts 
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Fig. 32—Effect of Energy Input or Cooling Rate on the Impact 
Properties with an Arc Power Level of 7680 Watts 
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Fig. 33—Effect of Energy Input or Cooling Rate on the Impact 


Properties with an Arc Power Level of 9120 Watts 
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Ae Fig. 35—Summary of the Effect of Cooling Rate on the Impact 


Bands represent the range of impact values as determined from 
the curves obtained at different arc power levels. 
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Fig. 34—Effect of Energy Input or Cooling Rate on the Impact 
Properties with an Arc Power Level of 10,400 Watts 
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Fig. 36 —Summary of the Effect of Cooling Rate on the Impact 
Proparties of the Spheroidized Region 


Bands represent the range of impact values as determined from 
the curves obtained at different arc power levels, 
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Fig. 37—Photomicrographs of Typical Structures at 1000 x 


A, the original plate material. 


to the weld of 15.3° F. per second at 1000° F. 


weld-cooling rate on the quality of welds made at room 
temparature. Data obtained were arranged graphically 
into groups having certain welding conditions in common 
in order to effect a comparison of the influence of indi- 
vidual variables. The interpretation of such curves was 
found to be greatly simplified by omitting the actual 
points and considering the characteristic curve of the 
impact properties. The curves used and the points 
from which they have been derived were previously pre- 
sented in Figs. 3-14. 

Data curves from welds having the same cooling rate 
were assembled, Figs. 28-30. No consistent effect of 
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B, the spheroidized region of a weld made with an arc power level 
of 9120 watts and a cooling rate adjacent to the weld of 30.8° F. per second at 1000° F. C, the 
spheroidized region of a weld made with an arc power level of 9120 watts and a cooling rate adjacent 
D, the spheroidized region of a weld made with an 
arc power level of 9120 watts and a cooling rate adjacent to the weld of 9.33° F. per second at 1000° F. 
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arc power level orarc travel 
speed on the weld metal 
could be observed. When 
these curves were reassem- 
bled in groups of the same 
arc power level, Figs. 31- 
34, no markedly significant 
trend resulting from the 
effect of cooling rate on the 
weld metal wasfound. In 
order to observe the over- 
all effect of cooling rate on 
weld quality the total range 
of experimental curves was 
plotted for each of the cool- 
ing rates employed, Fig. 
35. Within the range of 
experimental error, the 
three bands, formed by the 
different cooling rates em- 
ployed, coincided. In Fig. 
35, the impact properties 
of the original plate mate- 
rial were superimposed on 
these bands. Above room 
temperature the weld 
metal proved markedly in- 
ferior to the original plate. 
However, at temperatures 
below 50° F., the weld 
metal exhibited better im- 
pact properties than the 
original plate. 

Data obtained from test- 
ing the spheroidized region 
were presented graphically 
in Figs. 3-14 along with the 
data for the weld metal. 
As may be seen from the 
spheroidized data curves 
arranged in groups of the 
same cooling rate in Figs. 
28-30, the impact charac- 
teristics as a function of 
testing temperature were 
very neariy identical, even 
though the are power and 
travel speeds were varied 
over a wide range. In 
making the variations in 
arc power and travel speed, 
it was necessary to keep 
these properly interrelated 
to obtain the fixed values 
of energy input required 
to produce the desired cool- 
ing rate. 

When data for the spher- 
oidized zone of welds made 
with the same arc power 

were assembled, Figs. 31-34, a definite trend was ob- 
served. In order to observe further this effect of cooling 
rate on the impact properties these data were compared 
as shown in Fig. 36. The three bands in this figure 
were compiled from Figs. 28-30, and represent the extent 
of impact values at various testing temperatures for each 
of the three cooling rates employed. In the range of 
transition from ductile to brittle fracture the best proper- 
ties in the spheroidized region were obtained with a cool- 
ing rate of 15.3° F. per second (52,500 joules per inch). 
Welds having a lower cooling rate of 9.3° F. per second 
(70,000 joules per inch) exhibited less desirable properties 
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Fig. 38—Effect of Preheat Temperature on the Impact Properties 
with a Cooling Rate ee} a of 9.3° F. per Second 
at 


in the spheroidized zone, but proved more satisfactory 
than the spheroidized zone of welds made at 30.8° F. 
per second (37,500 joules per inch). The impact proper- 
ties of the original plate material are shown superimposed 
on these bands, Fig. 36. Above room temperature, the 
spheroidized region proved markedly inferior to the origi- 
nal plate. However, at temperatures below 50° F., the 
spheroidized zone of welds made with a cooling rate of 
15.3° F. per second exhibited impact properties slightly 
better than those of the original plate. 

Microscopic examination revealed that the width of the 
spheroidized zone was in direct proportion to the energy 
input employed in making the weld. This undoubtedly 
resulted from the lower cooling rates and longer diffusion 
times associated with the higher energy inputs. 

Photomicrographs at 1000 X are shown in Fig. 37. 
Fig. 37 (A) represents the typical ferrite and finely 
laminated pearlite structure of the original plate, which 
at lower magnification showed definite banding. Figs. 
37 (B), (C), and (D) represent the spheroidized region of 
welds made with cooling rates adjacent to the weld of 
30.8, 15.3 and 9.33° F. per second at 1000° F., respec- 
tively. Further examination showed that the number of 
spherioids decreased, as might be expected, with reduc- 
tion of the cooling rate. The size of spheroids could not 
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TESTING TEMPERATURE (°F) 
Fig. 40—Summary of the Effect of Cooling Rate on the Impact 
Properties of the Weld Metal 


Bands represent the range of impact values as determined from 
the curves obtained at different preheat temperatures. 
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Fig. 39—Effect of Preheat Temperature on the Impact Properties 
with a Cooling Rate se ee of 15.3° F. per Second 
at a 


be measured easily because of resolution difficulties, but 
could be deduced from the relative number of particles 
present. Since the amount of carbide is fixed by the 
analysis, the size of the spheroids would be inversely 
proportional to their number. 

Since the optimum impact properties of the spheroid- 
ized zone were obtained with a cooling rate adjacent to 
the weld of 15.3° F. per second at 1000° F., it may be 
deduced that an optimum spheroid-particle size exists. 
The poorest impact properties were obtained with the 
smallest spheriod-particle size which resulted from the 
fastest cooling rate. 

The spheroidized region in general exhibited poorer 
transition properties than the weld metal. However, 
the impact strength at temperatures near 200° F. was 
found to be nearly double that of the weld metal, as may 
be seen by comparison of Figs. 35 and 36. 


Part II 


The second phase of the investigation was devoted to a 
study of the effect of preheat on the notch toughness of 
the weld and the heat-affected zones. As in Part I the 
interpretation of data was found to be greatly simplified 
by omitting the actual points and considering the char- 
acteristic curve of impact properties. The curves used 
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TESTING TEMPERATURE (°F) 
Fig. 41—Summary of the Effect of Cooling Rate on the Impact 
Properties of the Spheroidized Region 


Bands represent the range of impact values as determined from 
the curves obtained at different preheat temperatures. 
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Fig. 42—-Effect of Preheat Temperature and Cooling Rate on 
the Impact Properties with an Arc Power Level of 7680 Watts 


and the points from which they have been derived were 
previously presented in Figs. 15-26. The data for the 
original plate, Steel 2, was shown in Fig. 27. 

With the constant cooling rate approach, curves were 
assembled in two groups each having the same cooling 
rate and travel speed, Figs. 38 and 39. Examination of 
these groupings showed that the impact properties of the 
weld metal were essentially the same regardless of the 
preheat temperature. However, the series of welds made 
at a cooling rate of 15.3° F. per second showed superior 
properties to the preheat series conducted with a cooling 
rate of 9.3° F. per second, as summarized in Fig. 40. 
The impact properties of the original plate material were 
superimposed on these bands in Fig. 40. Above room 
‘temperature the weld metal proved markedly inferior to 
the original plate. However, at temperatures below 60°, 
F, the welds made with a cooling rate of 15.3° F. per 
second exhibited somewhat better impact properties 
than the original plate. 

The impact properties of the spheroidized region ob- 
tained with the constant cooling rate approach are shown 
in Figs. 38 and 39. The best transitional properties 
were obtained with an original plate temperature of 72° 
F., and the poorest, with the 400° F. preheat. The 
transition properties of the spheroidized region of welds 
made at a 15.3° F. per second cooling rate were slightly 
superior to those of welds made at a cooling rate of 9.3° 
F. per second, as shown in Fig. 41. The impact proper- 
ties of the spheroidized region were definitely inferior to 
those of the original plate. 

Microscopic examination revealed that the spheroid- 
.ized region increased in width with increasing preheat 
temperatures even though the cooling rate immediately 
adjacent to the weld remained the same. This increase 
was attributed to the reduction which occurred in the 
cooling rate of the spheroidized zone because of increased 
plate temperature. Further examination revealed that 
the particle size of the spheroids increased with increasing 
preheat temperature. The best impact properties were 
obtained with the smallest particle size, the poorest 
with the largest spheroid-particles. 

With the variable cooling rate approach, curves were 
assembled in two groups each having the same arc power 
level, the same travel speed, and the same energy input, 
Figs. 42 and 43. No definite trend could be observed in 
either the weld metal or spheroidized zone. 


Conclusions 


1. The weld metal quality, as measured by impaet 
strength, was not appreciably affected within the range 
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the Impact Properties with an Arc Power Level of 10,400 Watts 
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investigated, by arc power level, arc travel speed, cooling 
rate, and preheat temperature. This was found to be 
true even with low energy inputs, where combinations of 
high arc power level and high travel speed tended to pro- 
duce welds exhibiting incomplete fusion at the groove 
walls even when preheating was employed. 

2. Above room temperature the weld metal was 
markedly inferior to the original ship steel. Below room 
temperature the weld metal exhibited somewhat better 
impact properties than the original plate. 

3. The region of carbide coalescence or spheroidiza- 
tion had the poorest impact characteristics of the heat- 
affected zone. 

4. The spheroidized region in general exhibited poorer 
transition properties than the weld metal. However, at 
a temperature of 200° F., the impact strength was found 
to be nearly double that of the weld metal. 

5. Above room temperature, the spheroidized region 
proved markedly inferior to the original plate. Below 
room temperature the difference in impact properties 
was small. 

6. The impact characteristics of the spheroidized 
region were not affected by changes in arc power level 
and arc travel speeds, but were affected by the cooling 
rate adjacent to the weld, and the preheat temperature. 

7. In the range of transition from ductile to brittle 
fracture the best properties in the spheroidized region 
were obtained with a cooling rate of 15.3~ F. per second 
(52,500 joules per inch). Welds having a lower cooling 
rate of 9.3° F. per second (70,000 joules per inch) ex- 
hibited less desirable properties in the spheroidized zone, 
but proved more satisfactory than the spheroidized zone 
of welds made at 30.8° F. per second (37,500 joules per 
inch). 

8. When the cooling rate adjacent to the weld was 
the same, the best impact properties of the spheroidized 
region were obtained with a plate temperature of 72° 
F., the poorest with a 400° F. preheat temperature. 

9. In so far as impact properties are concerned, an 


optimum size of spheroidized-carbide particles was 
thought to exist. 
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Steel Plates for Welded Ships Tested 


HE strength of large welded steel 

structures, brought into prominence 
during the war by Liberty ship failures, is 
being investigated by the Structural Steel 
Committee of the Welding Research Coun- 
cil in cooperation with the Engineering 
Mechanics Laboratory of the National 
Bureau of Standards. Tests already con- 
cluded indicate that factors of design, as 
well as welding, have an effect on the 
initial formation of a crack. The continua- 


tion of a crack depends upon the notch 


sensitivity of the steel, a property over- 
looked in past specifications for ship plate. 

Six 9-ton welded structural carbon steel 
box-girders of 22-ft. span, with an over-all 
width of 2 ft. 6 in. and depth of 2 ft. 1.5in., 
have been constructed at the Ingalls ship- 
yard, Pascagoula, Miss. Very abusive 
welding procedures and sequences were 
used, along with some unfavorable details 
of design, for the deliberate purpose of 
producing the highest possible residual 
stresses, especially in the vicinity of the 
transverse closing butt of the tension 
flange, which was welded last under ex- 
treme conditions of restraint. The tension 
flange plate is fitted between the side web 
plates to simulate the joints between the 
deck of a ship and the side plating when the 
ship is subjected to “hogging” stresses 
(with an elastic curvature that is convex 
upwards). 

The girders have been successfully pro- 
portioned to insure against failure by 
lateral deflection and buckling or twisting, 
the manner in which test beams and girders 
usually fail. The compression flange was 
made 2'/2 in. thick. 

The first girder, constructed of ordinary 
semikilled structural steel hull plating 
taken from stock in the shipyard, was 
tested at room temperature. It failed by 
rupture with a brittle or “‘cleavage”’ type of 
fracture and a sudden release of energy 
that shook the building. Failure did not 
occur until the measured strains and elas- 
tic deflection indicated extreme fiber 
stresses approximately equal to the con- 
ventionally determined ultimate tensile 
strength of the material, not far below the 
modulus of rupture of 75,600 psi. as com- 
puted for the breaking load of 1,397,000 Ib. 
and corresponding bending moment of 
71,200,000 Ib.-in. Total deflection at fail- 
ure was about 8 in., about 7 being per- 
manent set and less than 1 in. elastic de- 
flection. 


Sed 
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This 9-Ton, 22-Ft. Welded Girder of Fully Killed Structural Steel, Under Test at the 


National Bureau of Standards, Is Shown Sustaining a Load of 1,685,000 Lb 
Deflection Reached 18.06 In. The Permanent Center Deflection After Removal of Load 


The Center 


Was 16.45 In. 


The second girder, of fully killed steel, 
tested at about —45° F., failed in a similar 
fashion, but the fracture was more of a 
compound, shattering type under the in- 
fluence of cold temperature, and the entire 
girder snapped in two. The breaking load 
of 1,165,000 Ib. was only 16.5% lower than 
that for the first girder although it was 
30.9% lower than the maximum load im- 
posed upon the third girder, which was 
tested at room temperature. 

The third girder, of fully killed steel, did 
not fail under a load of 1,685,000 Ib., 
equally distributed between two load 
points 2'/, ft. on either side of the mid- 
span, when the center deflection reached 
18.06 in. At this point, the girder was al- 
most touching the supporting girders of 
the test apparatus, and further loading was 
impossible. The permanent center deflec- 
tion after removal of the load was 16.45 in. 
The extreme fiber stresses, computed 
under this loading, were 91,200 psi. in the 
projections of the side plates and 70,200 


psi. in the tension flange plate. It is prob- 
able that 70,200 psi. stress was actually 
realized. Data like the extensive strain 
gage readings still remain to be ana- 
lyzed. 

The purpose of the research program is 
to investigate, at various significant tem- 
peratures, (1) the effect of severe geomet- 
rical constraint against ductile behavior 
and upon the capacity of a welded struc- 
tural member for resisting rupture under 


external load and (2) to observe the det- | 


rimental effects of residual stresses. 

The character of future tests has not 
been decided. The testing of girders pre- 
heated during welding, testing at various 
intermediate temperatures, and studies of 


the effects of normalizing heat treatments ° 


subsequent to construction of the girders, 
are all contempiated. Out of these tests, a 
fuller knowledge of the behavior of large 
welded steel structures and data that may 
lead to the design and construction of 
more satisfactory members are expected. 


. . 
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Influence of Geometrical Restraint and 


Temperature on the Toughness and Mode 
of Rupture of Structural Steel’ 


Introduction 


N RECENT years we have been con- 

fronted with a serious problem con- 
cerning the behavior of welded structural 
steel, namely, the suppression of ductility 
resulting in so-called brittle fractures under 
service loading conditions. 

The brittle behavior of welded struc- 
tural steel has caused a great deal of spec- 
ulation and, indeed, considerable study of 
this complex subject. Most of the pub- 
lished work deals with tests on notched 
bend speciments, under static as well as 
impact loadings. Unfortunately, the 
notch itself is a highly complex subject, 
involving stress gradients of an order dif- 
ficult to measure. 

In a general way much light has been 
shed on the so-called ‘‘notch sensitivity” 
of structural steel in terms of impact foot- 
pounds and notch bend angle. However, 
the design engineer cannot translate this 
type of data into his language of allowable 
destgn stress, yield point and ultimate 
strength. What he needs, therefore, are 
data that he can understand. 

The authors have, in this paper, attemp- 
ted to approach the problem from the 
viewpoint of the design engineer, and in 
Part I they have investigated the behavior 
of 1/,-in. medium structural steel plates 
under static tensions at temperature rang- 
ing from +80 to —80° F. and geometrical 
restraints through the introduction of 
several patterns of welding. In Part II 
they present a new type of test specimen 
for testing butt welds under biaxial tension 
and in Part III the behavior of the micro- 
structure of the steel under uniaxial and 
biaxial tension at different temperatures is 
explained. 

It has been found that the influence of 
biaxial tension and the reduction of tem- 
perature below the freezing point act in a 
similar manner in that both tend to raise 
the yield point of structural steel. How- 
ever, neither the introduction of reduced 
temperature, nor biaxial tension alone 
was in itself sufficient to produce a brittle 
mode of rupture in the '/,-in. structural 
steel plates. But when acting together in 
certain proportions, suppression of duc- 
tility was sufficient to prevent shearing 

failure. 


* Scheduled for Twenty-Seventh Annual 
Meeting, A.W.S., Atlantic City, N. J., week of 
Nov. 17, 1946. 

Tt Welding Engineer and Metallurgist, respec- 
tively, Cramp Shipbuilding Co., Philadelphia, Pa. 


By Arthur R. Andersont and Alvin G. Waggoner' 


Part I—Tensile Tests on Plates 


For the plate tensile tests, a total of 32 
specimens '/, by 10 in. in section and 30 in. 
in length were cut from one large plate of 
medium welding quality ship steel. The 
steel had a carbon content of 0.24%, man- 
ganese content of 0.43% and a silicon con- 
tent of 0.023%. All welding was done in 
the laboratory at a room temperature of 
+75° F. 

The size of test specimen chosen was 
limited by the capacity of the 200,000-Ib. 
hydraulic testing machine in the labora- 
tory of Cramp Shipbuilding Co. 

Plates D1 through D20 were tested in 
groups of four, each group having two 
plates in the as-rolled, as-welded condi- 
tion, and two plates normalized after 
welding. One of the as-welded and one of 
the normalized plates was tested at room 
temperature (+75° F.) and the other pair 
of plates was tested at a temperature of 
—80° F., solid carbon dioxide being used 
for cooling the plate. 

The total plastic deformation in each 
test plate was determined by scribing a 
grid of '/:-in. squares on each plate prior to 
loading. After testing, the deformed 
grids were measured with dividers and a 
steel scale having 0.0l-in. graduations. 


Original cross sections for each plate were 
measured and, after testing, the area of 
the fractured section was measured to de- 
termine the reduction in area 

Plates D1 through D4, shown in Fig. 1, 
were tested as outlined above to determine 
the properties of the plates in a field of 
uniaxial tension free from any geometrical 
restraint or stress concentration. From 
Table 1, it can be seen that normalizing 
had relatively little influence on the yield 
point or ulitmate strength of the plates. 
Plates D3 and D4 in the as-rolled and 
normalized condition behaved much alike, 
but a noticeable increase in yield stress and 
ultimate stress prevailed; in fact, lowering 
the temperature from +75 to —80° F. 
raised the yield point from 42 to 55 kips 
per square inch. The amount of plastic 
deformation in each plate determined by 
the grid measurements is shown in Fig. 12, 
plotted in terms of the distance from the 
horizontal center line of the test plate. Al- 
though the low-temperature tests show a 
marked increase in yield point, it is in- 
teresting to note that the eleongations 
plotted for the low-temperature plates ex- 
ceed the maximum elongation plotted for 
the room-temperature test plates. 

Plates D5 through D8 differed from 
plates Di through D4 only in that a bead 


Fig. 1—Plates Tested in Uniaxial Tension 


Dl, as-rolled, tested at 75° F.; D2, normalized, tested at 75° F.; D3, as-rolled, tested at 
—80° F.; D4, normalized, tested at —80° F. 
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Table 1—Plate Tests 


Temp., Yield Stress, Ult. Stress, Mode of Red 
Specimen 7 *, Kips/Sq. In. Kips/Sq. In. Rupture Area, % 
As-rolled +75 42.0 64.0 Shear 32.5 
Normalized +75 41.6 63.8 Shear 35.2 
As-rolled —80 55.0 70.0 Shear 37.7 
Normalized —80 56.5 68.7 Shear 34.8 
As-welded +75 38.0 59.8 Shear 24.6 
As-welded —80 53.5 63.5 Cleavage 2.1 
Normalized —80 48.0 69.8 Cleavage 14.8 
Normalized +75 39.0 59.7 Shear +29.4 
As-welded —80 56.5 67.0 Cleavage 5.0 
As-welded +75 40.0 62.0 Shear 36.2 
Normalized +75 38.0 57.2 Shear 38.8 
Normalized —80 50.8 61.9 Shear 34.4 
As-welded —80 65.1 76.0 Cleavage 7.5 
As-welded +75 43.0 64.1 Shear 26.9 
Normalized +75 39.3 58.4 Shear 37.2 
Normalized —80 57.4 69.6 Cleavage 16.1 
As-welded —80 61.0 76.2 Cleavage 12.6 
As-welded +75 44.6 65.5 Shear 28.6 
Normalized +75 39.9 61.0 Shear 31.1 
Normalized —80 54.6 72.3 Shear 21.8 
As-welded +40 51.4 75.7 Shear 17.0 
As-welded +20 49.4 73.7 Shear 13.2 
As-welded 0 53.2 76.6 Cleavage 4.4 
As-welded —20 56.4 77.3 Cleavage 20.4 
As-welded —40 55.6 79.5 Cleavage 9.2 
As-welded —80 61.2 i Be Cleavage 6.4 
As-welded +40 50.5 77.2 Shear 14.9 
As-welded +20 53.2 82.1 Shear 9.4 
As-welded 0 52.0 79.0 Cleavage 11.6 
As-welded —20 56.8 75.1 Cleavage 4.7 
As-welded —40 55.7 74.1 Cleavage 11.0 
As-welded —80 60.3 65.4 Cleavage 2.4 


of weld metal, using A.W.S. E6010 elec- 
trodes, was deposited on each side of the 
plate along the vertical and horizontal 
center lines, simulating intersecting hori- 
zontal and vertical butt welds in the plate. 
Plate D5 in the as-welded condition was 
tested at +75° F. and had a yield point of 
38 kips per square inch, ultimate strength 
of 59.8 kips per square inch and failed with 
a ductile mode of rupture and a reduction 
in area of 24.6%. 

Plate D6 loaded in the as-welded con- 
dition at —80° F. proved to be extremely 
sensitive to the lowered temperature, hav- 
ing a yield point of 53.5 kips per square 
inch and ultimate strength of 63.5 kips per 
square inch, and it failed in a brittle man- 
ner with a reduction in area of only 2.1%. 
The low elongation can be noted for D6 
on Fig. 13. Plate D7, on the other hand, 
tested also at —80° F., but in the normal- 


— | 


ized condition was less sensitive to the re- 
duction in temperature, but nevertheless 
failed in a brittle manner as shown in de- 
tail in Fig. 8. 

Plate D7 developed a vield point of 48 
kips per square inch, an ultimate strength 
of 69.8 kips per square inch and reduction 
in area of 14.8%. Plate D8 in the normal- 
ized condition exhibited similar properties 
to plate D5 tested at room temperature. 
Figure 13 shows the elongations developed 
for plates D5-D8. 

Plates D9 through D12 shown in Fig. 3 
had horizontal beads of A.W.S. E6010 
weld metal at 4-in. intervals on both sides. 
Plate D9 tested in the as-welded condition 
at —80° F. demonstrated the restraining 
influence of the parallel weld beads, with a 
yield point of 56.5 kips per square inch and 
a cleavage fracture (Fig. 9) with a 5.0% 
reduction in area. On the other hand, 


plate D10 at a test temperature of +75° F. 
suffered less restraint, having a yield point 
of 40 kips per square inch, ultimate 
strength of 62 kips per square inch, failing 
in shear with a reduction of area of 36.2%. 

Plates D11 and D12, in the normalized 
condition exhibited unusual ductility both 
at room temperature and at —80° F., as 
can be seen from the elongation curves 
plotted in Fig. 14. 

Pilates D13 through D16, shown in Fig. 
4, had A.W.S. E6010 weld beads de- 
posited on both sides parallel to the direc- 
tion of tension in the plate. The behavior 
of Plate D13 in the as-welded condition 
tested at —80° F. was astonishing—a 
yield point of 65 kips per square inch, an 
ultimate strength of 76 kips per square 
inch and a brittle mode of rupture at two 
places (Fig. 10) with a reduction in area of 
7.5%. It is difficult to understand how 
beads of weld metal parallel to the direc- 
tion of loading in a plate should produce so 
great a restraining influence. Plate D14, 
tested in the as-welded condition at room 
temperature, exhibited reasonable yield 
strength and ductility; evidently its be- 
havior was uninfluenced by the parallel 
beads of weld metal. Normalizing Plate 
D15 did improve the ductility as evidenced 
by a reduction in area of 37.2% with a 
yield point of 39.3 kips per square inch. 
While normalizing after welding has con- 
sistently improved the ductility of welded 
plates, it was not capable of preventing a 
cleavage fracture at —80° F. in plate 
D16, which attained a yield point of 57.4 
kips per square inch and failed after a 
reduction in area of 16.1%. The elonga- 
tion charts (Fig. 15) show graphically the 
suppressing influence of test temperature 
on the ductility of these plates. 

Plates D17 through D20 were welded 
with A.W.S. E6010 beads on both sides 
vertically and horizontaily to form 3-in. 
squares. While the longitudinal and 
transverse rows of welding constituted a 
combination of the restraint patterns 
used in plates D9 through D12 and D13 
through D16, the result did not prove to 
be as severe as one might expect. As 
shown by Fig. 5, only plate D17, in the as- 
welded condition, tested at —80° F. 
failed in a brittle manner. Plates D18 
and D19, as-welded and normalized, 
respectively, and tested at +75° F. failed 
in shear after attaining a maximum elonga- 


Table 2—Cones with 90° Apex Angles 


Table 3—Cones with 75° Apex Angles 


Test Yield Max. Test Yield Max. 

Pa Temp., Load, Load, Mode of Temp., Load, Load, Mode of 
Test Weld Metal Kips Kips Rupture Test Weld Kips Kips Rupture 
Fl A.W.S. E6010 +40 55 121 Ductile ji A.W.S. E6010 +40 55 125 Ductile 

F2 A.W.S. E6010 +20 60 125 Ductile J2 A.W.S. E6010 +20 60 125 Ductile 

F3 A.W.S. E6010 0 82 181 __—i Brittle J3 A.W.S. E6010 0 55 137 Ductile 

F4 A.W.S. E6010 —20 75 Brittle j4 A.W.S. E6010 —20 60 120 __—sCv 

F5 A.W.S. E6010 —40 75 153__—sw— Brittle J5 A.W.S. E6010 —40 60 115 ___—siBrrittle 

ag Mare Gl 25-20 +40 70 156 Ductile Kl 25-20 +40 55 104 Ductile 
G2 25-20 +20 70 149 __—sCO BBBrrittle K2 25-20 +20 65 144 Ductile 

G3 25-20 0 70 173__—sCwBBrritttle K3 25-20 0 65 105 Ductile 

G4 25-20 —20 70 123 K4 25-20 —20 70 115 Ductile 

G5 25-20 —40 80 162 K5 25-20 —40 60 115 

rs Hl Hydrogen controlled +40 80 125 Ductile Ll Hydrogen controlled +40 60 121 Ductile 

es H2 Hydrogen controlled +20 70 122__—sCBBrrittle L2 Hydrogen controlled +20 70 124 Ductile 

H3 Hydrogen controlled 0 75 L3 Hydrogen controlled 0 60 106 = Ductile 

H4 Hydrogen controlled —20 85 Hydrogen controlled —20 60 109 Ductile 

H5 Hydrogen controlled —40 85 130__—sw BBrr'ttlle L5 Hydrogen controlled —40 70 108 __—sCOBBrrittle 
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Fig. 6—Plates Tested in Tension in the As-Welded Condition at Successively Lowering Temperatures; Weld 
Beads A.W.S. 6010 


Fig. 7—Plates Tested in Tension in the As-Welded Condition at Successively Lowering Temperatures; 
Weld Bead 25-20 


tion of 38% and a reduction in area of over r 
28%. Plate D20, normalized after weld- 
ing, showed a yield point of 54.6 kips per 
square inch, but failed in shear with a 
maximum elongation of 20% in spite of 
the low-test temperature of —80° F. 
From Fig. 5, it can be seen that D20 
failed near the upper edge of the plate, 
and it is suspected that the temperature at 
that point may have been higher due to 
heat transfer from head of the testing 
: machine. Figure 16 shows the distribu- 


tion of elongation for plates D17—D20. 
Plates El through E6, shown in Fig. 6, Fig. 8—Plate D7, with Brittle Mode of Rupture; Tested at —80° F.; Normalized After 
were tested in the as-welded condition, Welding 


the weld beads of E6010 metal being de- 
posited horizontally and vertically to form 
3-in. squares on both sides. Starting with 
El at +40° F. test temperature, the suc- 
ceeding plates were subjected to lower test 
temperatures as indicated by Table 1. 
It was noted that at temperature of +40 
and +20° F. the mode of rupture was 
ductile, the material failing in shear with a 
maximum elongation of 18%. At 0° F. 
and lower, a brittle mode of rupture pre- 
vailed, until at —80° F., a maximum 
elongation of 2.5% was obtained. It was 
also noted that, as the temperature was 


decreased, the yield point trend was Fig..9—Plate D9, with Cleavage Fracture; Tested at —80° F. in the As-Welded 
higher. Plate E5 failed in an unusual Condition 
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In searching for a type of test which 
brings out the true properties of welded 
structural steel under service conditions 
the question of biaxial tension in various 
ratios of the principal tensions was fore- 
most in the minds of the authors. The 
double truncated cone, joined by a butt 
weld was developed, and the following re- 
sults should be regarded in the nature of a 
progress report on this unusual type of 
tensile test. 


The ratio of the two tensions in the butt 
weld joining the cones can be varied from a 
maximum of 1.0 for cones of 90° apex 
angle to zero when the section becomes a 
cylinder. 

In this study, six series of cones, with 
five cones in each series were tested. 
Series F, G and H had 90° apex angles, 
and were joined together with A.W-.S. 
r E6010, 25-20, and a new hydrogen-con- 
trolled electrode, respectively. Series J, 
K and L repeated the procedure with a 
cone apex angle of 75°. 

All cones were made from a plate of '/,- 
in. structural steel having a carbon content 
of 0.22%, a manganese content of 0.34% 
and a silicon content of 0.027%. After 
forming, the cones were pressed hot in a 
die to remove irregularities. The edge 
preparation for the butt weld joining the 
cones was machined on ea lathe, and a 
special alignment jig was used to facilitate 
the butt-welding operation. Welding was 
done from the outside, with a */j).-in. root 
opening and a 20° open angle toward the 
outside. A backing ring of '/j.-in. steel 
was employed on the inside edge of the 
butt weld. After the welding was com- 
pleted, the outside contour of the butt 


Fig. 10—Plate D13, Fractured at Two Places in a Brittle Manner; Tested at —80° F. in 
the As-Welded Condition 


Fig. 11—Plate E5, Showing Double Cleavage Fracture; Tested at —40° F. in the As- 
Welded Condition 


manner with two brittle-type fractures 
(Fig. 11). 


usual bar tensile test, particularly at the 
lower temperatures. 


Plates E7 through E12, shown in Fig. 7, 
were tested under the same temperature 
conditions as used for plates El through 
E6, respectively, but weld beads of 25-20 
were used in the place of E6010 weld metal. 
It was thought that the better low-tem- 
perature properties of the stainless steel 
electrodes would improve the behavior of 
the plates under tension loading at the 
lower test temperatures. However, the 
results shown in Table 1, and the elonga- 
tion data plotted in Fig. 18 indicate little 
improvement in the behavior of the prop- 
erties in the plate. It is particularly in- 
teresting to note in Fig. 7 that the cleavage 
fractures, starting with plate E9 tested at 
0° F., all developed away from the trans- 
verse welds, thus dispelling any notion 
that failure in this type of test is pro- 
mulgated by stress concentrated at the 
edge of a weld bead. Figure 18 is inter- 
esting in that it shows a definite trend of 
decreasing ductility as the testing tem- 
perature is lowered. Plate E7, tested at 
+40° F., developed a maximum elonga- 
tion of 19%, and plate E12, tested at 
—80° F. had a maximum elongation of 
2.5%. The reduction in area given in 
Table 1 for these plates is also indicative 
of influence of decreasing temperatures on 
the ductility of the material. 


Part II—Biaxial Tension Tests 


In Part I the influence of transverse 
restraint on the toughness and ductility of 
structural steel under tension was in- 
vestigated. It was evident that steel 
plates subjected to restraint by weld beads 
did not exhibit the properties found in the 
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With the increased application of weld- 
ing, there has been great need for funda- 
mental information on the influence of 
biaxial stresses on the properties of struc- 
tural steel. The design engineer is guided 
by specifications giving tensile strength, 
yield point, elongation and reduction in 
area of structural steel. These data are 
obtained by testing prismatic bars under 
uniaxial tension at room temperature; 
conditions which in actuality rarely exist 
in the welded structure. 


weld was ground to a '/, in. radius. 

Loading of the cones was accomplished 
by means of rings machined from 2-in. 
steel plates, the cone being supported on a 
beveled seat in the ring. The loads were 
introduced into the rings by six compres- 
sion bars, the arrangement being shown in 
Fig. 19. 

Wire strain gages of the SR-4 type were 
installed on the butt weld in vertical and 
horizontal directions to indicate the strain 
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Fig. 12—Elongation of Plates D1—D4 
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in the joint as a function of the load on the 
cone. 

In each series of cones, the test tempera- 
ture ranged from +40 to —40° F. in 20° 
steps. Cone FI, tested at +40° F. ex- 
hibited good ductility, failing after con- 
siderable’ deformation with a shear-type 
fracture. Cone F2, tested at +20° F. 
also failed with a shear-type fracture, but 
with less deformation prior to rupture. 
Cones F3, F4 and F5 tested at 0, —20 and 
—40° F., respectively, all failed in a brittle 
manner, as shown by Fig. 20. The influ- 
ence of temperature on thc mode of rup- 
ture is thus clearly indicated in this type 
of test. Strain gage readings for these 
tests are plotted in Fig. 26, and show the 
effect of lowered temperature on the yield 
point. 

Cones G1 through G5 were joined by 
25-20 weld metal, and as indicated by 
Table 2, were tested in the same procedure 
used for cones Fl through F5. Figure 21 
shows the fractured cone specimens of 
series G. Cone Gl, tested at +40° F., 
failed in a ductile manner. The remainder 
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Fig. 18—Elongation of Plates E7-E12 


of the series all failed with a brittle mode of 
rupture. From the data plotted in Fig. 
26, it is evident that the lowered tempera- 
ture is not only suppressing the ductility 
but also raising the yield point of the 
material. 

Cones H1 through H5, welded with 
hydrogen-controlled _ electrodes, were 
tested in the same procedure used for the F 
and G series, and revealed the same reac- 
tion to the influence of temperature; duc- 
tile failure at +40° F., and brittle be- 
havior at +20° F. and lower. The frac- 
tured specimens for Series H cones are 
shown in Fig. 22. 

From the results of the tests with the 90° 
apex angle cones, one can conclude that 
welded structural steel unde: biaxial ten- 
sion with the two principal tensions of 
equal magnitude suffers great loss of duc- 
tility at moderately low temperature, the 
transition between ductile and brittle be- 
havior taking place near freezing tempera- 
ture. Moreover the curves plotted in 
Fig. 26 show that the stress at which plas- 
tic deformation occurs is raised by reduc- 
ing the temperature. 

The Series F, G and H cones with the 
90° apex angle had in the butt-welded 
joint a biaxial tension stress ratio of 1.0 
With this degree of restraint it was found 
that-the steel failed in a brittle manner 
when tested at a certain temperature. It 
was evident that the type of weld metal 
had little influence on the mode of rupture 
of the test specimen. On the other hand, 
the degree of restraint and temperature 
appeared to be the controlling variables. 

Because of the inter-relation between re- 
straint and temperature, Series J, K and L 
cones were prepared with a 75° apex 
angle, which lowered the biaxial tension 
ratio in the butt weld from 1.0 to 0.75 

Series J cones, welded together with 
A.W.S. E6010 electrodes, failed in a duc- 
tile manner at test temperatures of +40°, 
+20 and 0° F., but fractured in a brittle 
manner at test temperatures of —20 and 
—40° F., as indicated by Table 3, and 
illustrated in Fig. 23. 

Series K joined by 25-20 weld 
metal remained ductile at a test tempera- 


cones, 


Fig. 19—Arrangement for Loading the Cone Specimen; 2-In. Diameter Bars, Loaded 
in Compression, Force Rings Apart, Producing Tension in the Test Specimen 
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Fig. 20—Fractured Cone Specimens, Series F Fig. 21—Fractured Cone Specimens, Series G 
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Fig. 22—-Fractured Cone Specimens, Series H Fig. 23—Fractured Cone Specimens, Series J 


Fig. 24—Fractured Cone Specimens, Series K Fig. 25—Fractured Cone Specimens, Series L 
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VERTICAL STRAIN- UNITS 


Fig. 26—Strains Measured in Welded Joint of Cone Specimens 


Fig. 28—Photomicrographs of Plate Microstructure 
Bending. 
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ture of —20° F., but failed in a brittle 
manner at —40° F. 

The final series of 75° apex angle cones, 
Ll through L5, were joined with the 
hydrogen-controlled electrodes. Cones L1 
through L4 failed in a ductile manner, 
while cone L5, tested at —40° F., failed in 
a brittle manner. 

The data obtained from the cone tests 
indicate that with lesser restraints the test 
temperature must be lowered to obtain 
the brittle type fracture. Particularly 
noteworthy was the fect that the type of 
weld metal had no significance on the 
mode of rupture of the cone specimens. 


Part III—Microscopic Investigation 


In Parts I and II the physical behavior 
of the steel under various conditions of 
uniaxial and biaxial loading as well as the 
effect of temperature change has been 
demonstrated in tensile tests. 


A marked 
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change in properties usually ascribed to 
medium weld steel were observed, and it 
was deemed desirable to examine the 
structure of the steel in an effort to deter- 
mine the cause of this change. 

Much has been written regarding the 
method of slippage occurring within a 
single crystal during the process of def- 
ormation. It has been demonstrated 
that slip actually takes place along definite 
atomic planes and in the principal direc- 
tion which happens to lie closest to the 
position and direction of the resolved shear 
stress acting upon the crystal. The 
material under investigation was poly- 
crystalline in nature and contained two 
types of crystals—ferrite and pearlite. 
With this type of structure the deforma- 
tion was obviously more complicated than 
that of the single crystal. 

Specimens were taken from the plate 
used in Part I, and as shown in Fig. 28, 
the steel was a normal fine-grain, hot- 
rolled, medium-weld steel. In order to 
subject the steel to conditions analogous 
to the experimental work in Part I the 
following procedure was used: specimens 
1/, x 1/, x 3 in. were polished, etched, re- 
polished and etched according to standard 
procedure for the preparation of micro- 
scopic specimens. A solution of 4% Nital 
was used to reveal the structure and ferrite 
grain boundaries. In loading, the speci- 
mens were placed in the bending jig shown 
in Fig. 27 in a manner to place the polished 
surface in tension. Figures 28 to 33 are 
photomicrographs at 700 X showing the 
change in microstructure occurring as the 
specimen is bent at a temperature of 80° 
F. through bend angles ranging from 0 to 
180°. 

Figure 28 shows the normal unstressed 
structure with the pearlite (dark areas) 
evenly distributed throughout the ferrite 
(light) grains. As the specimen is bent to 
an angle of 35° (Fig. 29) dark lines or slip 
bands appear in the ferrite grain. The 
bands are approximately parallel and stop 
abruptly at the boundary of each respec- 
tive grain. As the bending is continued 


Fig. 29—Photomicrograph of Microstructure at 35° Bend Angle 
Showing Slip Line Formation (Specimen Bent at 80° F.). 
700 x 
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Fig. 30—Photomicrograph of ares oe 75° Bend Angle 
x 


(Specimen Bent at 80° F.). 


to 75° (Fig. 30) the number and size of 
the slip bands increase. Figure 31 shows 
the specimen at 105° bend angle and as 
previously stated the orientation of the 
slip hands with respect to the resolved 
shear stress acting upon the grains is now 
evident, as the lines in all the ferrite 
grains approach a common direction, a 
condition to be expected since the loading 
was uniaxial. The microstructure at a 
180° bend angle is shown in Figs. 32 and 
33. In the case of Fig. 32 it may be seen 
that the size of the slip bands has markedly 
increased. It has been reported in the 
literature that grain boundary networks 
are effective in changing or arresting the 
direction of deformation and this fact is 
confirmed in Figs. 29, 30 and 31. How- 
ever, examination of Figs. 32 and 33 
reveals that in the event of sufficient dis- 
tortion it is possible for ferrite to have a 
grain orientation suitable to permit a 


Fig. 32—Photomicrograph of Microstructure at 180° Bend 
Angle (Specimen Bent at 80° F.). 700 x 


breakdown of the grain boundary barrier, 
forming continuous slip bands across 
several grains. The mechanism for trans- 
granular (ductile) failure now becomes 
more apparent as failure would probably 
follow the path indicated by the slip bands. 

In Part I it was noted that a decrease in 
test temperature caused a change in 
physical properties, nutably an increase in 
yieldstrength. ‘The mrostructure shown 
in Fig. 34 reveals the chunge obtained by 
bending a specimen 180° at a temperature 
of —80°F. Incomparing Figs. 32 and 33 
with Fig. 34 it should be noted that the 
major slip bands in Fig. 34 are located in 
grain boundary areas. Also the ferrite 
grains in Fig. 34 show much less evidence 
of distortion within the grain. It is evi- 
dent, therefore, that the decrease in 
temperature was sufficient to cause a large 
enough increase in the strength of the 
ferrite grains to reduce the normal number 


Fig. 31—Photomicr 
Angle Showing Slip 


— of Microstructure at 105° Bend 


e Orientation (Specimen Bent at 80° 
F.). 700 x 


of slip bands and cause more distortion in 
grain boundary areas. 

The effects of biaxial restraint upon the 
physical properties of the steel were 
pointed out in Parts I and II, and there- 
fore it was flecided to investigate the 
changes in microstructure of the steel 
when stressed under biaxial tension. In 
order to obtain biaxial tension, steel disk 
specimens 3 in. in diameter and '/, in. 
thick were prepared for microscopic ex- 
amination using the technique previously 
described for the uniaxial specimens. The 
disk was placed in the jig shown in Fig. 35 
and loaded in such a manner as to place the 
polished surface in biaxial tension. The 
change in microstructure was determined 
at definite intervals of deflection. The 
photonticrographs at 700 XK shown in 
Figs. 36 to 40 reveal the change occurring 
during the tests made at 80° F. Figure 36 
shows the unstrained structure. After 
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Fig. 33—Photomicrograph of Microstructure at 180° Bend 
Angle Showing Continuous Slip Line Formation Across the 


Grain Boundaries (Specimen Bent at 80° F.). 700 x 
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Fig. 35—-Loading Jig Assembly for Biaxial Tests 


Fig. 34— Photomicrographs of at 180° Bend 


Angle Sli 


0.120 in. deflection the structure was found 
to be as in Fig. 37. The slip bands are 
just becoming visible. As the deflection 
increased to (0.240 in. the slip bands be- 
came much more numerous as may be seen 
in Fig. 38. In Fig. 39 (0.360-in. deflec- 
tion) the random orientation of the slip 
bands becomes obvious, for the bands in 
one grain may be at any angle with the 
bands in an adjacent grain. This lack of 
orientation of slip bands has been found 
indicative of a biaxiai stress condition. 
Also in Fig. 39 are several large bands, all 
of which are connected to pearlite parti- 
cles. At 0.54-in. deflection and at point 
of failure the microstructure as shown in 
Fig. 40 reveals an increasing number of 
large and small bands. Since many of 
the large slip bands are transgranular in 
nature a ductile mode of rupture was 
indicated and, in fact, additional loading 
produced a shear type failure. 

By taking a disk specimen, cooling to 


Fig. re of Plate Microstructure 
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Loading. 
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and Formation in Grain Boundary Areas 
(Specimen Bent at —80° F.). 
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—80° F., and loading to a deflection of 
0.540 in., the structure shown in Fig. 41 
was obtained. Immediately apparent was 
the reduction in number of small slip bands 
and the shifting of the large slip bands 
from transgranular to intergranular pro- 
gression. This shift would indicate a 
cleavage fracture which was found to be 
the case when the specimen failed. Of 
particular interest was the formation, 
shown in Fig. 40, of the large slip bands 
and twins in conjunction with the pearlite 
particles. Since the pearlite areas are 
considerably harder than the surrounding 
ferrite, one would expect the ferrite to flow 
plastically around the pearlite when the 
steel is loaded beyond the yield point. A 
review of Figs. 28 to 33 shows evidence of 
the plastic deformation within the ferrite 
grains. All slip bands are uniformly dis- 
tributed, indicating even flow across the 
grain. On the other hand, biaxial tension 
produces an irregular flow about the 
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pearlite grains, as shown in Fig. 40. It is 
evident therefore, that the inhomogeneity 
of the structure becomes a critical factor 
regarding the ductility of the material 
under biaxial tension, particularly at low 
temperature where the increased resistance 
to slip within the ferrite grains was ob- 
served. Indeed, the combined action of 
low temperature and biaxial tension pro- 
duced grain boundary separation with 
little relief within the ferrite grains-~a 
process which resulted in intergranular 
failure, or brittle fracture 

Because the inhomogeneity of the struc- 
ture appears to be a factor in the brittle 
behavior of steel under restraint at low 
temperature, a reduction in pearlite area 
(carbon content) may be desirable for 
structural steels employed in low-tempera- 
ture service. 

From the results of the 
microstructure of the steel we conclude 
that the usual tensile test at room tem- 
perature allows the ferrite grains to de- 
form plastically in a definite manner with 
regard to the maximum shear stress. The 
slip bands approach a uniform orientation, 


study of the 


Fig. 37—Photomicrograph of Microstructure at 0.060 In. De- 
flection Showing Initial Slip Band Formation. 
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and eventually extend across the grain 
boundaries. 

The limitations of the uniaxial tensile 
test are revealed by the marked changes in 
behavior of the microstructure when 
stressed biaxially at low temperature. 
Under the severe conditions of restraint 
and cold temperature, the orderly de- 
formation within the ferrite grains is pre- 
vented, and the result is a concentrated 
distortion at the grain boundaries, result- 
ing in a brittle mode of rupture. 


Observations and Conclusions 


The behavior of a medium carbon struc- 
tural steel has been observed under the in- 
fluence of restraint and lowered tempera- 
ture. Under uniaxial tension, the steel 
possessed full ductility at temperatures as 
low as —80° F., but an appreciable rise 
in yield point was observed. Although 
the elongation and reduction in area of the 
test plates were not lowered by reducing 
the temperature, the microstructure 
showed a pronounced tendency for the 
slip bands to shift from the interior of the 
ferrite grains to the boundaries, due to hard- 
ening of the ferrite at low temperature. 

Under restraint from biaxial tension, the 
steel investigated had a higher yield point 
as well.as a lower ductility. At tempera- 
tures above freezing, the restraint did not 
prevent the steel from failing in a ductile 
manner; but at temperatures below freez- 
ing, it was possible to restrain the steel 
through biaxial tension and drastically 
suppress the ductility. In fact, a brittle 
mode of rupture was obtained with 
elongation and reduction in area on the 
order of 2 to 3%. 

It was evident that the change from a 
ductile to a brittle mode of rupture de- 
pended not only on the degree of restraint 
but also on the temperature; in other 
words, for a given biaxial stress ratio, 
there was a threshold temperature at which 
the brittle mode of rupture was encoun- 
tered. For example, with a maximum bi- 
axial stress ratio of unity, the threshold 


Fig. 38—Photomicrograph of Microstructure at 0.120 In. De- 


flection. 700 < 


temperature was between +20 and +40° 
F., probably near the freezing point. On 
the other hand, when the biaxial stress 
ratio was reduced to 0.75, the threshold 
temperature dropped to between —20 and 
—40° F. 

The introduction of restraint through 
biaxial tension was observed in the micro- 
structure to cause a change in orientation 
of the slip bands within the ferrite grains. 
The orderly directional patterns of slip 
bands within the ferrite grains associated 
with uniaxial stress were disturbed by the 
restraint, and in fact at the lower tempera- 
tures they tended to pile up at the grain 
boundaries when under biaxial tension. 

The ability at room temperature of the 
soft ferrite to deform plastically and flow 
around the pearlite grains is demonstrated 
and is confirmatory of the excellent duc- 
tility figures ascribed to low-carbon steels. 
The theory that slip bands and twins stop 
at the grain boundaries and become ori- 
ented in another direction before entering 
the adjacent grain has been shown to be 
valid only in conditions of moderate dis- 
tortion. As the degree of distortion 
approaches the point of failure, the 
formation of slip bands and twins across 
grain boundaries is apparent. The sig- 
nificance of this fact may be seen in that 
the smooth contour of the crystal is now 
changed into a sharp tooth-laden contour 
which would drastically increase the re- 
sistance to grain boundary slippage 
through the keying effect of the slip bands. 
Therefore, continued distortion causes 
continued slippage, as indicated by the 
formation of the slip bands; final failure 
occurring across the grain and following a 
path outlined by the slip band move- 
ments. This type of failure is the shear 
type. The low temperatures employed in 
this investigation did not change the mode 
of failure but did delay the formation of 
slip bands within the grains. For a com- 
parable degree of distortion, the low- 
temperature specimens revealed greater 
movement in the grain boundary areas and 
less in the center of the grains, whereas the 


room-temperature specimens showed a 
uniform distribution of slip bands through- 
out the grains. 

The relative effects of the carbon con- 
tent in the form of pearlite grains under 
the uniaxial and biaxial stress conditions 
show an interesting preview to studies on 
varying carbon and alloy content steels. 
In sharp contrast to the uniform ferrite 
flow exhibited under uniaxial tension, bi- 
axial tension produces unusual unevenness 
in the amounts, particularly in the region 
of the pearlitic grains. Large slip bands 
or twins appear in the ferrite grains and 
appear to be connected to a neighboring 
pearlite grain. Therefore, it is evident 
that the ferrite is deforming with difficulty 
about the pearlite grain. Under uniaxial 
tension conditions it has been shown that 
low temperature increases the resistance 
of the ferrite grains to deform and causes 
a progression of deformation from the 
grain boundary areas to the center of the 
grains. Therefore the combination of low 
temperature and biaxial tension produces 
a case in which slippage within the grain is 
difficult for two reasons—the hardening 
effect on the ferrite grains and the forcing 
of the slip bands into the grain boun- 
daries—which are additive in suppressing 
the ductility of the material. Under these 
conditions, slippage and failure occur in 
grain boundary areas and produce the 
cleavage or brittle type of fracture. It is 
apparent that inhomogeneities play an 
important part in this type of fracture and 
the possibility exists that a reduction in 
pearlite (carbon content) and the addition 
of elements soluble in the ferrite would bea 
more desirable material for low tempera- 
ture use, particularly where biaxial ten- 
sions exist. 

The influence of restraint and low 
temperature on the behavior of structural 
steel has not been fully appreciated by the 
design engineer. In determining the 
strength of a structural member, it is 
usually taken for granted that the stresses 
are distributed uniformly across the sec- 
tion of the member. However, much has 


Fig. 39-—Photomicrograph of Microstructure at 0.240 In. De- 


flection Showing Random Orientation of Slip Bands as Well as 
Large Slip and Twin Bands in Vicinity of Pearlite Grains. 
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Fig. 40—Photomicrographs of Microstructures at 0.360 In. 
Deflection Point of.Failure Showing an Increase in Number of 
Slip and Twin Bands. 700 x 


been learned from strain gage measure- 
ments in recent years regarding the con- 
centration of stress caused by discon- 
tinuities. In many cases, the stress con- 
centrations exceed the yield point, and a 
redistribution of stress in the section re- 
sults when the material possesses sufficient 
ductility. However, at low temperature 
we have observed a rise in yield point 
which means that the stress concentration 
reaches a high value before relief can be 
expected. A more serious condition, 
namely, restraint in the structure accom- 
panied by low temperature, can raise the 
yield point of structural steel to the 


ultimate strength and suppress the duc- 
tility to the point where yielding of con- 
centrated stresses is impossible. In such 
cases, the brittle mode of rupture has 
occurred, sometimes with disaster. 

It must be recognized that welded 
structures are inherently restrained, and 
under these conditions present-type struc- 
tural steels when welded are subject to 
great loss in ductility at cold temperatures. 

The problem of overcoming the brittle 
behavior of the welded steel structure in 
cold temperatures will require considerable 
effort. A material possessing better duc- 
tility under restraint at low temperature 


Fig. 41—Microstructure at 0.540 In. Deflection and Point of 
Failure with Specimen Temperature During Deflection - 
F. Photomicrograph Shows Slip Bands Confined Primarily to 

Grain Boundary Areas. 


80° 
700 X 


is needed, and the design engineers need 
more information on the behavior of 
welded structural steel under service con- 
ditions, 
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Some on the Weldability 


ot High-Strength Wrought 
Aluminum Alloys’ 


By Willam R. Apblett, Jr.* 


Abstract 


The fundamental metallurgy involved in the weldability of high- 
strength wrought aluminum alloys has been discussed. It is 
indicated from tensile and slow bend tests of welded specimens that 
the strength of the alloys investigated, 61S-T, 24S-T and 75S-T, 
is not utilized to the full extent because of both the inadequacy of 
present-day electrodes and the deleterious effect of welding on 
wrought aluminum alloys. The tests reported indicate that future 
investigations should be aimed at (1) the development of an elec- 
trode which will produce better mechanical properties in the de- 
posited weld metal and (2) the development of more weldable alu- 
minum alloys. 


Introduction 


Statement of Problem 


Pes test work conducted at the Naval Re- 
search Laboratory! was directed toward the selec- 
tion of the best commercial aluminum electrode avail- 
able for welding wrought aluminum alloys and the de- 
velopment of a satisfactory welding technique for use 
with that particular electrode. It is the purpose of this 
investigation: (1) to examine some of the factors which 
affect the weldability of high-strength wrought alumi- 
num alloys, and (2) to determine the suitability of the 
commercially available aluminum electrodes for welding 
these alloys. 


Factors Affecting the Weldability of High-Strength Wrought 
Aluminum Alloys 


The ideal weld in any material is one in which the 
properties of the heat-affected zone and the weld metal 
are equal to or better than that of tiie base metal. The 
ideal is, however, difficult to attain when welding the 
present high-strength wrought aluminum alloys since 
the heat produced during welding has deleterious effects 
on the base metal. Fusion welding produces a material 
of considerably reduced strength and embrittles the 
metal in the area adjacent to the weld. In alloys such as 
those used in this investigation, the welding heat may 
cause intercrystalline precipitation in the heat-affected 
zone which subsequently gives rise to intercrystalline 
corrosion attack. 

The welded structure as shown in Fig. f consists of 
four distinct zones: (1) the unaffected base metal, (2) 
the heat-affected zone, (3) the partially fused zone and 
(4) the cast zone. Alloys such as those used in this in- 
vestigation are useful because they combine high strength 


* Scheduled for Twenty-Seventh Annual Meeting, A.W.S., Atlantic City, 
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and fair ductility with good corrosion resistance and 
light weight. Since these properties are obtained by 
means of a combination of rolling and heat treatment, 
welding may be expected to seriously affect these alloys. 

In the high-strength wrought aluminum alloys the 
requisite strength is brought about by heat treatment 
depending essentially upon the precipitation of constitu- 
ents held in metastable solid solution in the alloy. Heat- 
ing an alloy which is in the precipitation hardened condi- 
tion will lower its strength either by re-solution of the 
precipitate or by the coalescence of the precipitate so that 
it forms comparatively large particles which materially 
reduce the hardness of thé material: Coalescence will 
take place prior to resolution and, therefore, in a material 
which has béen heated to its melting point, a variety of 
structures will result. Two distinct zones are normally 
present, a softened zone due to-coalescence of the precipi- 
tate (over aging) and a hardened zone nearer the weld 
due to re-solution and subsequent age hardening at 
room temperature. 


Fig. 1—Macrophotographs of Weldments. 1 X 
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The partially fused zone is of partieular importance 
when welding the high-strength wrought aluminum al- 
loys because a duplex structure is formed, one phase of 
which is concentrated at the grain boundaries and melts 
at a lower temperature than the other. Such a structure 
is also found in the casting alloys and may even be pres- 
ent in commercially pure aluminum that has been sub- 
jected to welding heat.» When the melting temperature 
of the lower melting point phase is reached, the strength 
of this zone is very low, and when welding under re- 
straint, cracking may be expected. 

The cast zone is essentially a chilled casting since the 
surrounding base metal is a very good conductor of heat. 
Its structure will, therefore, usually be columnar. As 
in other casting operations, the action of the atmosphere 
on the molten fluidity, surface tension and the solidifica- 
tion process including segregation and shrinkage play 
important roles. Hence in considering the problem of 
welding a wrought alloy, it is necessary to study the 
casting characteristics of that alloy and the properties 
attainable in the cast weld metal. Since aluminum-sili- 
con alloys are well noted for their excellent casting char- 
acteristics and freedom from hot-shortness, it was this 
type of alloy that was selected for electrode use. 

One of the most common sources of trouble encoun- 
tered in the welding of aluminum alloys is gas porosity in 
the cast zone resulting from the reaction of the molten 
metal with traces of water that exist in either the atmos- 
phere or the electrode flux coating. Since most of the 
coating materials are hygroscopic, exposure of the elec- 
trodes to the atmosphere usually results in high moisture 
content in the electrodes.* In welding, the molten metal 
oxidizes rapidly and the are readily decomposes water 
vapor. The hydrogen set free in this reaction dissolves 
in the molten metal which has a comparatively high af- 
finity for hydrogen.‘ As the weld metal solidifies, the 
solubility of the hydrogen decreases and the gas is re- 
jected to rise as bubbles and escape or to be entrapped in 
the solidifying metal forming porosity. Thus, the rate 
of cooling determines to a large extent the amount of po- 
rosity in the weld. If special precautions are taken to 
remove moisture from the surface of the base metal by 
use of a low preheat and from the flux coating by baking 
the electrode for several hours at 250 to 300° F., welds 
can be produced comparatively free from porosity. 


Materials Investigated 
The 61S-T, 24S-T and 75S-T aluminum alloys used 


Table 1—Chemical Analysis 


24S-T 61S-T 75S-T 
Si 0.14 0.58 0.12 
Fe 0.23 0.23 0.21 
Cu 4.38 0.25 1.63 
Mn 0.63 ii 0.14 
Mg 1.40 0.88 2.45 
Ce apr 0.24 0.26 
Zn 5.48 
Ti 0.04 
Al Balance Balance Balance 
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Fig. 2—Layout of Welded Test Plates 


in this investigation conformed to Navy Department 
specifications as to mechanical properties. All of the 
alloys were 0.7-in. thick clad material consisting of a 
high-strength alloy clad with corrosion-resistant pure 
aluminum. The chemical compositions and some me- 
chanical properties of the materials in the as-received 
condition are given in Tables 1 and 2, respectively. The 
electrode investigated was a coated 5% silicon aluminum 
alloy conforming to Navy Department Specification 
46E1 (Int.) and A.W.S.-A.S.T.M. Tentative Specifica- 
tion B184-43T. 


Test Procedure and Results 


Test plates, 6 x 6x 0.7 in. were prepared by beveling 
the edge perpendicular to the direction of rolling at an 
angle of 37'/,°. Two such pieces were placed so as to 
have a root opening of '/, in. and an included angle of 
75°. The root pass was reinforced with a grooved copper 
back-up strip. All welding was automatically performed 
in the flat position using */\.-in. diam. electrodes which 
had been oven dried for 24 hr. at 300° F. The optimum 
operating conditions for the electrode was found to be 280 
amp. at 22 v. with a speed of travel of 18 in. per minute.’ 
An interpass plate temperature of between 200° and 300° 
F. was maintained. The copper back-up strip was re- 
moved and a final stringer bead was deposited to insure 
good fusion at the root. 

The following test specimens were prepared from the 
above weldments: tensile blanks, slow bend specimens 
and samples for macro and micro examination. The 2- 
in. wide tensile blanks were machined so as to remove all 
reinforcement and to have a 2'/, in. long reduced testing 


24S-T—_— 
Long Trans. 
Yield strength, psi. 55,650 49,250 
Ultimate strength, psi. 73,300 70,000 
Elongation in 2 In., % 16.8 15.0 
Reduction of area, % 23 


14.7 
Brinell Hardness, 500 kg. okt 


* Values are the average of 3 standard 0.505 in. tensile specimens. 


Table 2—Mechanical Properties of Material, As-Received* 


——————61S-T — 
Long. Trans. Long. Trans. 
40,600 40,000 73,650 71,050 
44,200 44,800 . 82,750 81,000 

16.3 14.0 9.0 8.5 
49.9 41.3 18.8 13.3 
94 131 
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section 1'/, in. wide and 0.7 in. thick (Fig. 2). The speci- 
mens were tested to failure in a 60,000 lb. capacity hy- 
draulic testing machine. Results of the tensile tests are 
given in Table 3. 

It is interesting to note the greater ductility of the 
weldments in 61S-T. Elongation was measured over a 
2-in. gage length with the weld metal occupying approxi- 
mately */, in. of this distance. When the 24S-T and 
75S-T weldments were tested in tension the weld metal 
yielded before the base metal and fracture occurred in 
the weld metal with little or no deformation in the sur- 
rounding base metal; whereas there was a considerable 
amount of plastic deformation in the base metal of the 
61S-T weldments. 

The bend specimens were machined so as to remove all 
reinforcement and to have a uniform testing section 1'/; 
in. wide and 0.7 in. thick (Fig. 2). One group of bend 
specimens was tested to failure with the root of the weld 
in tension in a standard Navy qualification jig having a 
3*/s-in. female opening and a 1-in. radius plunger. A 
second group of specimens was similarly tested with the 
face of the weld in tension. The jig was operated by 
means of a 60,000-lb. capacity hydraulic testing machine. 
The angle at maximum load was noted together with the 


fracture location. The results of the bend tests are given 
in Table 4. 


Discussion of Results 


To determine the effect of welding on the microstruc- 
ture of the alloys, cross sections of the weldments were 
polished and etched. The constituents present are, of 
course, dependent on the temperature attained and the 
length of time at that temperature. All alloys showed a 
large amount of grain boundary precipitate in a zone 
about 0.2 in. from the weld metal base metal interface. 
Alloy 61S-T exhibited a number of cracks which ex- 
tended across the base metal weld metal interface. 
These cracks were the result of high-temperature melt- 
ing of the grain boundary phase‘under restraint. This 
phase is not normally presént but is due to elevated 
temperature precipitation. When precipitation occurs at 
grain boundaries, the material adjacent to the boundaries 
is depleted in alloy content and becomes anodic to the 
body of the grain.’ The electrolytic couple thus formed 
may be expected to make the material susceptible to 
intergranular corrosion. . 

The response to welding of the high-strength wrought 
aluminum alloys is illustrated in Figs. 3 through 5 which 
show hardness surveys of the test welds together with 
typical microstructures at various distances from the 
center of the weld. The dip in the hardness survey oc- 


Table 3—Tensile Properties of Butt-Welled Joints* 


Tensile Vield 
Strength, Strength, Elong. 


Alloy Psi. 2% Offset in 2In., % 


on 


26,500 3.5 
32,100 4.5 
33,400 ees 4.0 
61S-T 24,300 23,500 10.0 
27,800 26,300 11.5 
26,700 25,200 10.0 
28,000 26,900 10.0 
75S-T 28,300 ° 3.0 
26,400 3.0 
28,700 Hee 2.5 
26,300 ave 3.0 


* All failures occurred in the weld metal. 
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Table 4—Bend Results 
Angle at 
Max. 
Bend Load Max. Load, Fracture 
Alloy Type Degrees Lb. Location 
24S-T Face 9 2730 Weld 
Face 8 3400 Fusion line 
Root 10 2950 Fusion line 
Root 9 2540 Weld 
61S-T Face 34 2800 Fusion line 
Face 23 257! Fusion line 
Root 50 3100 Fusion line 
Root 33 2780 Fusion line 
75S-T Face 7 2730 Fusion line 
Face 6 2080 Fusion line 
Root 8 2520 Weld 
Root 7 2630 Fusion line 


curring approximately 0.2 in. from the fusion line repre- 
sents the zone which has been softened by coalescence of 
the precipitate, i.e., over aging. Nearer the weld the 
hardness curve rises representing the region in which the 
material has been subjected to a re-solution treatment 
and has subsequently re-hardened by room temperature 
aging. 

It has not been possible with present alloys and exist- 
ing processes to obtain satisfactory properties in the heat- 
affected zone of a weldment on material which is suscep- 
tible to precipitation hardening. The ideal would only be 
possible, it is felt, if coalescence of the incipient precipi- 
tate were so slow that it had insufficient time to occur 
under the welding conditions and if the re-solution of the 
precipitate gave a material similar to the original base 
metal. However, the hardness of the weld itself is much 
less than that of the adjacent heat-affected zone so it is 
not surprising that weld specimens tested in tension al- 
ways exhibit weld metal failures. 


Conclusions 


The fundamental metallurgy involved in the welda- 
bility of high-strength wrought aluminum alloys has 
been discussed. In general, the cast structure of the 
weld metal itself as deposited with commercially avail- 
able aluminum electrodes constitutes the weak link in 
weldments of the aluminum alloys investigated. How- 
ever, the presence of a relatively low-strength overaged 
zone adjacent to the weld also materially affects the weld- 
ment. Furthermore, a low melting point constituent 
concentrated at the grain boundaries in the partially 
fused zone contiguous to the weld may lead to cracking 
during cooling. 

While the electrode used in this investigation is suit- 
able for welding the low and medium strength aluminum 
alloys, it does not possess sufficient strength to be suit- 
able for use in the fabrication of structures designed to 
utilize the high strength of the alloys herein investi- 

ted. Future investigations should be directed toward 
re the development of alloy electrodes which will deposit 
weld metal with better mechanical properties and (2) 
the development of more weldable aluminum alloys; i.e., 
alloys which are relatively unaffected by welding and 
which have a strength in the as-cast condition comparable 
to that in the wrought condition. 
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MANUAL OF DESIGN FOR ARC-WELDED 
STEEL STRUCTURES 


The Manual of Design for Arc-Welded 
Steel Structures recently published by Air 
Reduction fills a need that has often been 
expressed by practicing engineers and en- 
gineering educators for a comprehensive 
source of up-to-date information that will 
facilitate the rapid design of welded steel 
structures and provide a suitable supple- 
mentary text for engineering students. 

Although many features of the book, 
such as standardized beam connections, 
and many of the details of the design that 
are illustrated, have been compiled par- 
ticularly for use in building construction, 
nevertheless many of the design diagrams 
and fundamental principles may be 
applied to the design and engineering con- 
trol of other types of welded steel con- 
struction. 

Compiled by LaMotte Grover, a mem- 
ber of the American Society of Civil En- 
gineets and well known in the field of 
structural welding, the methods and pro- 
cedures that are presented are based 
chiefly upon standards of the American 
Welding Society, the 1946 edition of the 
Specifications of the American Institute of 
Steel Construction and reports of the 
Welding Research Council’s Structural 
Steel Committee. The methods of design 
for beam connections and the assumptions 
for their development as presented in the 
manual have been used in the design of all 
the test specimens for the Lehigh Univer- 
sity Research Program for the Welding 
Research Council during the last five 
years; and it is stated that these methods 
have been used for quite a number of 
years in the design of welded building 
frames. 

One of the outstanding features of the 
manual is a set of 26 diagrams for the fapid 
proportioning of welded groups and con- 
nections subjected to eccentric loading. 
The use of these diagrams should save 
many hours of routine calculations. 

Another prominent feature of the man- 
ual is a complete set of beam safe-load 
tables (including new wide-flange sections 
recently included in the ‘‘U. S. Dept. of 
Commerce, Promulgation of Simplified 
Practices Recommendation’’), with piece- 
marks of standardized weld connections 
for each size of beam and each span-length. 
With these piece-marks the designer en- 
ters a table of standardized welding con- 
nections where he may find, in most cases, 
three different welded connections for each 
particular case: (1) an angle seat, (2) a 
stiffened seat, (3) a pair of framing angles. 
This provides a selection to meet the par- 
ticular needs of any case for the ‘‘flexible”’ 
connection of a standar beam. Many of 


the design tables as presented have been 
devised by H. W. Lawson. 

The text of the manual begins with a 
statement that although the major num- 
ber of typical welded beam connections as 
well as the safe-load tables, are intended 
for use in designing simply supported 
members which are assumed to have 
‘flexible connections,” this should not be 
construed as indicating a preference for 
this type of construction over continuous, 
semi-rigid, or rigid-frame types, which 
often affords very substantial savings in 


* material and over-all costs of construction, 


when welding is used. 

Such types of construction are discussed 
rather briefly in the introduction and 
references are given to other publications 
covering the analysis of such structures. 
Typical details for rigid and semi-rigid 
points and connections are illustrated to 
cover various welded details for building 
construction. 

Desirable and wundersirable geometric 
shapes, arrangenftnts of structural details 
and welds are discussed at length from a 
technical and economical viewpoint. 

Since some holes must usually be pro- 
vided for erection bolts, especially in tier 
buildings, and since bolted secondary con- 
nections are frequently used in combina- 
tion with welded primary connections, a 
discussion is presented to illustrate how 
members and connections may be detailed 
so as to avoid needless handling and punch- 
ing of some types of heavy members. The 
cost of such operations tends to offset the 
economical advantages of welded con- 
struction when structures are detailed 
without consideration for the economy of 
shop operations. A chapter is included 
to cite the various current, general, speci- 
fications, provisions for welded design and 
construction, steel and iron materials, 
electrodes, qualifications of welding proc- 
esses and procedures, and qualifications of 
welding operators. A discussion is also 
included regarding provisions for shop 
painting which have an important bearing 
upon economy. , 

Although it is presumed that the user of 
the manual is familiar with the funda- 
mentals of applied mechanics and strength 
of materials, a considerable amount of 
elementary information is included with a 
particular reference to the design of welded 
connections. 

The results of the program of research 
at Lehigh University which has extended 
over the last 12 years are discussed at some 
length in leading up to the methods that 
are presented for designing and propor- 
tioning welded beam connections for rigid, 
semirigid and simple framing. 

One of the chapters covers the design of 
welded plate girders to the extent that is 
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necessary for supplementing basic prin- 
ciples of design for steel construction. 

Although the discussion of dynamically 
loaded structures such as bridges does not 
constitute a very large part of the manual 
there is a general discussion of impact, 
fatigue loading, notch effects and stress 
raisers. Sketches and discussions are in- 
cluded at various points to call special 
attention to considerations for dynamic 
loading and details that are particularly 
suitable or unsuitable for such loading. 

Rather comprehensive discussions are 
included covering the estimating of costs 
and welded construction and the inspec- 
tion of structural welding, together with 
references to more comprehensive treatises 
upon inspection. 

In the last part of the manual there is in- 
cluded such data and information for 
reference as will usually meet the needs of 
an engineer charged with the responsibility 
for the designing and inspecting of welded 
construction. Nearly all of the reference 
data are taken from codes and other publi- 
cations of the AMERICAN WELDING So- 
ciety. A special discussion is included on 
the use of welding symbols for steel struc- 
tures. To supplement a discussion of 
electrodes for structural welding, the com- 
plete appendix is included from the Speci- 
fications for Arc Welding Electrodes of the 
AMERICAN WELDING Society and the 
American Society for Testing Electrodes, 
to provide the user with a readily under- 
standable guide to the classification of iron 
and steel arc welding electrodes. 

A copy of this 285-page beok may be ob- 
tained from Air Reduction Sales Co., 60 E. 
42nd St., New York 17, N. Y., at the price 
of $2.00. “ 


NATIONAL METAL CONGRESS 


Seventy-nine simultaneous sessions of 
four of the nation’s leading technical 
societies will be held when the 28tn annual 
Netional Metal Congress meets at Atlantic 
City during the week of November 18th. 

The simultaneous sessions will include 
technical sessions during morning, after- 


noon and evening periods, educational. 


lectures, annual meetings, dinners, ban- 
quets and many special lectures. Tech- 
nical societies participattg in the Con- 
gress are the American Society for Metals, 
sponsors of the event as well as the Na- 
tional Metal Exposition which will be 
held at the same time in the Municipal 
Auditorium; The AMERICAN WELDING 
Socrety; The Iron and Steel Division 
and the Institute of Metals Division of the 
American Institute of Mining and Metal- 
lurgical Engineers, and the American In- 
dustrial Radium and X-Ray Society. 
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Structural Investigation in Still Water of the 
Welded Tanker NEVERITA 


and observations are made on the results. served. Investigations were made of the 
The ship was submitted to a cycle of lon- combined effect of longitudinal bending 
and water pressure on a panel of the longi- 


Summary 


As part of an extensive program of full- 
scale investigations on ship structures 
being undertaken, on behalf of the Ad- 
miralty Ship Welding Committee, by the 
Department of Scientific Research and 
Experiment, Admiralty, a series of tests 
has been carried out in still water on the 
welded tanker Neverita. 

Part I of this paper describes some of 
the instruments and methods developed 
specially for this and subsequent work, and 
discusses factors influencing their design. 
The methods of using the instruments, 
and their principles of operation, are also 
described. 

Part II describes the tests on Neverita, 


Part I 


Introductory 

HE program of investigations drawn 
up by the Admiralty Ship Welding 
Committee was directed primarily toward 
finding out what difference in structural 
behavior there might be between riveted 
and welded ships. This called for much 
more detailed investigations of stress dis- 
tributions and deflections than had hither- 
to been attempted. The program was 
divided into two sections, namely, static 
experiments, to be carried out in still 
water, and dynamic experiments to be 
carried out under seagoing conditions. 
The present paper is confined to those in- 
struments and methods which were de- 

veloped for the static experiments. 
Detailed descriptions of the instruments 
used in any particular trials will be given 


* Read at the meetings of the Institution of 
Naval Architects in London on April 11, 1946. 

R.1 “Hogging and Sagging Tests on the 

Welded Tanker Neverita,” H. Stationery 


Office, 1946, from which the majority of the 
illustrations in this paper are taken, and repro- 
duced by permission of the Controller. 

t Admiralty, Department of Scientific Research 
and Experiment. 


gitudinal hogging and sagging bending 
moments by varying the distribution of 
water ballast in the main cargo tanks. 
The deflection of the hull girder was ob- 
served, together with the strains in the 
deck, sides, bottom and longitudinal bulk- 
heads at a representative section near mid- 


length of the structure. Transverse as 
well as longitudinal strains were measured, 
and particular attention paid to the effects 
of local bending of the plating. Over-all 
deflections and the distribution of derived 
stresses across the test section have been 
compared with calculations on the classical 
beam theory. The effects on the structure 
of variations in temperature were ob- 


Part I—Developments in Instruments for Measurement 
of Strains and Deflections in Ship Structures 


By F. B. Bull, B.Sc., Associate* 


in the individual reports of each investiga- 
tion issued by the Admiralty Ship Welding 


Committee. Most of the earlier instru- 
ments here described were used in the 
tests on M.V. Neverita. 

The instruments described herein can be 
grouped into three functional classes: 


1. Instruments for measurement of 
direct strain. 

2. Instruments for measurement of 
local panel bending effects. 

3. Instruments for measurement of 
over-all deflection of the ship’s 
longitudinal girder. 


A computing device for converting 
measured strain values to stresses is de- 
scribed in Appendix. 


Factors Governing Choice of Suitable 
Instruments 


The conditions to be contended with 
under the experimental program imposed 
a number of special requirements, and 
since these had a profound influence on the 
choice and design of the equipment, and 
may be considered applicable to any large- 
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tudinal bulkhead; of the behavior of a 


panel of bottom shell plating adjacent to 
this bulkhead; and of the deflection of a 
transverse bulkhead due to pressure head. 
Strains were also determined at disconti- 
nuities at the ends of the bridge erection 
and at hatchways. 

A full report of these experiments has 
been issued by the Admiralty Ship Weld- 
ing Committee.t The report contains 
much detailed information which it has 
not been considered practicable or neces- 
sary to include in this paper, the main pur- 
pose of which is to present the salient 
features for information and discussion. 


scale investigation into the structural be- 
havior of ships, they are stated here as 
follows: 


1. The instruments must be capable of 
being quickly set up and adjusted ready 
for operation. This requirement arises 
out of the large numbers of gage stations 
involved, which in the trials so far con- 
ducted exceeds 1000 on each ship 

2. The reading operation must be sim- 
ple, and should involve the minimum 
strain on the observer when repeated many 
hundred times. On an average, each ob- 
server must take about 500 readings for 

each condition of loading, and it is desir- 
able that all the readings shoul i be taken 
in about 3 hr. It has been found that it is 
difficult to stabilize the conditions over a 
period exceeding 3 hr., owing to tempera- 
ture variations; furthermore, the fatigue 
of the operators after several hours’ con- 
tinuous observing tends to affect the re 
liability of the readings 

3. The instruments must be of robust 
construction, and unlikely to be affected 
by the mechan‘cal shocks such as are un- 
avoidable when altering the loading con- 
ditions. 
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Fig. 1—Stress Distribution in Part of Deck of Tanker, Showing Effect of Gage Length on 
Observed Stresses 


4. Protection from moisture, dust and 
dirt, which are almost impossible to ex- 
clude from many parts of a ship structure, 
must be provided, or the instruments must 
be insensitive to such factors. 

5. Theinstruments must be “tempera- 
ture compensated’’ so that they do not 
respond to mere thermal expansions, but 
do indicate elastic strains caused by ther- 
mal effects. 

6. A high degree of accuracy is de- 
manded from the instruments, as the dif- 
ference in behavior of riveted and welded 
ships, which is the primary purpose of the 


investigations, may be small. A strain ac- 
curacy of 10 micro-in. per inch, which is 
equivalent to a stress accuracy of about 0.1 
ton per square inch in mild steel, is deemed 
advisable, while deflections of the ship’s 
longitudinal girder require to be accurate 
to 0.05 in. These requirements of accu- 
racy demand a high degree of zero stability 
in the instruments. 

7. The large number of reading sta- 
tions demands that large numbers of in- 
struments should be available in a reason- 
able time, and at justifiable cost. These 
requirements have exercised an important 


influence during the wartime period of de. 
velopment, and have been largely respon- 
sible for the adoption of “‘portable’’ types 
of instruments by which a large number of 
gage stations can be read by each instru. 
ment. 

It may be remarked here that none of 
the instruments to be described entirely 
fulfills all these exacting requirements. 
The designs selected have been found to be 
the most practical types so far available; 
however, many of the instruments are in 
course of further development. 


Measurement of Direct Strain 


One of the most important considera- 
tions in the selection or design of instru- 
ments for measuring direct strains is the 
choice of base length, since the shape of 
the observed stress patterns may be influ- 
enced by the base length of the instrument 
used. 

A long base length permits accuracy to 
be obtained without special magnifying 
devices, and so gives an instrument of 
simple and rugged design. By its property 
of averaging strains over its length, the 
long base length has the disadvantage of 
concealing significant strain concentra- 
tions which act on only a percentage of the 
base length. As a further point it is not 
always possible to fit a long base instru- 
ment on account of interference with de- 
tails of the structure. 

A short base length instrument is an 
obvious necessity when investigating re- 
gions of stress concentrations, such as will 
occur at structural discontinuities. Unless 
large numbers of strain measuring stations 
are used, this ability to detect local fluctua- 
tions may cause embarrassment when 
dealing with areas nominally free from 
strain variations (see Fig. 1). The use of 
short base lengths in general necessitates 
indirect methods of measuring strain, with 
consequent increased complexity and deli- 
cacy of the instruments. 

In Fig. 1 the direct stresses in part of the 
deck of a tanker are shown; they illus- 
trate several of the points mentioned. 
The curves drawn do not represent an 
actual case, but they are based on charac- 
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Fig. 2—Long Base Gage, Mk. 3 
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perience has shown that the type of sinous 
stress distribution shown by the large 
number of short base length instruments 
does in fact often exist in plated areas, such 
as decks and tank tops, where the stress 
distribution is usually assumed to be uni- 


Within the classifications ‘“‘long’’ and 
“short” base lengths there exist optimum 
lengths for which the various opposing re- 
quirements are best satisfied. The lengths 
selected as being most suitable for the 
present investigations on ships’ structures 


1. Long base gages of 100 in. to meas- 
ure the longitudinal strains in the 


2. Short base gages from 3 in. to 5 in. 
base length for general investiga- 
tion clear of sharp discontinuities. 

3. Very short base length gages of 
under 1 in. for use around high 
stress concentrations and in con- 


One of the influences determining these 
optimum lengths is the manner in which 
corrections can be applied to the measured 
direct strains on account of local bending 
strains. Reference should be made to the 
section on the measurement of local bend- 


The long base strain gage was developed 
for these trials to fulfill a need for a gage 
which eliminated minor fluctuations of the 
heart of plate strain, within the gage 
length. It will also be shown (page 818-s) 
that such a gage reduces the corrections 
due to local bending of plated areas to 


The original design for this gage has 
been modified and improved several times, 
and only the two patterns in current use 


The long base gage Mk. 3 is shown in 
Fig. 2. (See also photograph in Plate IV.) 
It consists of two elements, made of 2- x 
3/,-in. steel flat. One end of each element 
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Fig. 3—Long Base Gage, Mk. 4 


is welded to the structure, while the other 
ends are placed in proximity so that varia- 
tions in their separation can be measured 
by a dial gage reading to '/j9)in. The two 
elements are constrained to move axially 
relative to one another by ball-bearing 
slides. The base length is defined by the 
distance between the fillet welds holding 
the end pads to the structure. Some 
minor adjustment to the base length, to 
allow for slight inaccuracies in welding 
down the end pads, is provided by the 
slotted connection D, while any forces 
arising from lack of alignment are elimi- 
nated by the self-centering connections C. 
A means of adjusting the zero of the dial 
gage is provided by the clamping screw E. 

This pattern of long base gage has been 
found to give satisfactory service under 
test conditions if care is taken to keep the 
ball tracks clear of foreign matter, and free 
from damage caused by ball indentations. 
In order to eliminate these possible sources 
of trouble, the revised pattern Mk. 4 was 
developed. 

Figure 3 shows this revised pattern, 
where it will be seen that the ball-bearing 
slides have been replaced by a system in 
which the relative movements of the free 
ends of the elements are restrained in the 
axial direction by the bending of leaf 


springs. The leaf springs are held in a 
cage, secured by '/,-in. studs to the strue- 
ture, at the middle of the gage length. 

The flat bar elements of the Mk. 3 gage 
have been replaced by */,-in. bore mild 
steel tubes, and the end pads are no longer 
fillet welded in position, but held by '/,-in. 
brass studs welded to the structure. No 
provision is made for adjustment to over- 
all base length, as this has Wen found by 
experience to be unnecessary. An adjust- 
ment to the zero of the dial gage is, how- 
ever, provided by the screw at B. The 
central cage, carrying the leaf springs and 
the dial gage, is fitted with a metal cover 
which has a window through which read- 
ings can be taken. 

The design Mk. 4 is lighter and packs 
more compactly than its predecessors 

Readings on the dial gages in both types 
are recorded to 0.00025 in., which, in con- 
junction with the 100-in. base length, 
would give an equivalent stress accuracy 
of 0.03 ton per square inch. Theneglect 
of the local bending effects for reasons 
given on page 818-s may reduce this ac- 
curacy to a probable error of 0.1 ton per 
square inch 

The temperature compensation is good, 
since the gage and ship’s structure are of 
the same material, and are in close prox- 
imity. 

The other properties, such as speed of 
fixing and reading, and robustness of con- 
struction, are satisfactory in this instru- 
ment, and its continued use in large num- 
bers is envisaged. The inherent disad- 
vantages of the gage are its inability to 
deal with stress concentrations over part 
of its length, and the fact that its use is 
restricted to measurement of longitudinal 
strains. 


Tomlinson Direct Strain Gage 


This instrument was designed by the 
late Dr. Tomlinson of the Meterology De- 
partment, N.P.L., specially for the work 
on this series of trials. It is a portable 
gage of 5-in. base length, and measures 
the distance between gage marks by a 

1o,o0-in. dial gage without further mag- 
nification. The gage marks consist of 
countersunk holes drilled into the struc- 
ture, and can be arranged for single direc- 
tion readings or for rosettes of three direc- 
tions. 

As can be seen in Fig. 4, the 
dial gage, which has a total travel of 0.2in., 
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Fig. 4—Tomlinson Direct Strain Gage 
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Fig. 5—Depth Measuring Instrument for 
Tomlinson Gage Holes 


is rigidly attached to the body. The fixed 
leg C is secured to the body at one end 
through slotted holes, which arrangement 
permits a coarse adjustment of the 5-in. 
base length, while the moving leg is con- 
nected to the opposite end through the 
flexible strip hinge D. Both legs terminate 
in steel balls */,. in. in diameter. At its 
upper end the movable leg carries a steel 
screw, E, the hardened tip of which bears 
on the flat end of the dial gage stem. This 
screw provides the fine adjustment for the 
zero of the dial gage and it is provided with 
a lock nut. 

The dimensions have been chosen so 
that, when the instrument is in adjust- 
ment, the dial gage reads relative move- 
ments between the gage points without 
any multiplication or reduction factors. 
As a means of adjusting the position of the 
movable leg to give this 1 : 1 ratio, it can 
be slid axially in the gage block by loosen- 
ing the clamp screw F. At every trial, 
the individual calibration constants of 
each instrument are checked by use of a 
standard straining device. 

A third leg is provided for stability when 
placing the instrument on the plate, and a 
wooden handle is attached at the fixed leg 
end. The plastic thumbpiece, H, is fitted 
to enable pressure to be applied when 
seating the gage feet into their holes. 

The gage points consist of conical holes 
drilled into the structure with a !/,-in. 
diameter centering bit, having an !/s-in. 
diameter lead !/s in. long. A detail of gage 
foot and conical hole is shown in Fig. 4. 
The holes are drilled in pairs by a special 
tool which drills both holes simultaneously 
at exactly 5-in. centers and to any re- 
quired depth, as determined by a stop on 
the machine. The double drilling tool is 
powered by a #/,-hp. electric motor 
through a flexible drive. The tool is held 
to the structure by '/,-in. diameter welded 
studs and can be used to drill the three 
pairs of holes needed for a strain rosette at 
one fixing, as the drilling arm can be 
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locked in any of three positions inclined 
at 60° to each other. 

It is necessary to measure the exact 
penetration of each pair of holes, since 
this will determine the fibres along which 
the direct strains are measured, and so 
affect the magnitude of the local bending 
correction. To measure the depths of 
holes, the instrument shown in Fig. 5 is 
used; the difference of readings of the 
‘/:ooo-in. dial gage in the positions 5a and 
5b can be converted into the depth of the 
point of contact of the ball feet below the 
surface of the plate. 

After preparation, the holes are cleared 
of turnings and protected from rust by 
light machine oil, which is removed with 
a soft cloth before each reading operation. 
A removable metal cover protects each 
gage station from dirt and damp between 
readings. 

When using the instrument, the gage 
holes are first cleaned and then the gage 
feet are inserted. A light pressure is ap- 
plied through the handle and thumb- 
piece to ensure good seating. The instru- 
ment is always used in the same direction 
relative to any pair of holes, as reversal 
end for end has been found to introduce 
differences. 

Independent checking is made at each 
reading by completely removing the in- 
strument, reseating it and taking a repeat 
reading. The presence of dirt in the holes 
can usually be detected by this means and 
by the ‘‘feel’’ of the instrument. 

To provide a standard with which to 
compare the distances between gage holes 
a standardizing plate is used; this con- 
sists of a small unstressed steel plate in 
which are a pair of gage holes similar to 
those in the structure. Reference is made 
to the standard for every reading at a gage 
station. 

Temperature compensation is effected 
by keeping the unstressed standardizing 
plate as nearly as possible at the same tem- 
perature as the structure at the reading 
station considered. To this end, several 
standards are used, each restricted to a 
defined set of gage stations which can be 
expected to remain at the same tempera- 
ture. 

Considerable skill is required to operate 
this instrument successfully, but with ex- 
perience it is possible to obtain readings 
reliable to 4 micro-in. per inch, or an 
equivalent stress of 0.05 ton per square 
inch. 

The time required for both the prepara- 
tion of stations and the taking of observa- 
tions are unfavorable to the continued use 
of this instrument. However, it has been 
widely used in the trials so far, pending the 
production of alternative types. 


Acoustic Strain Gage 


In this gage, a steel wire stretched be- 
tween the gage points is caused to vibrate 
at its natural frequency, and is subjected 
to the same extensions and contractions 
as the material under test. 

The natural frequency of vibration of 
such a wire is a function of its tension, 
which varies as the strain. It follows, 
therefore, that changes of frequency can 
be related to changes of strain. 

The German firm, H. Maihak A. G. of 
Hamburg, was responsible for much of the 
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early development of these gages, and they 
have continued to manufacture strain 
measuring equipment using this principle. 
In this country the development has been 
conducted by the Building Research Sta. 
tion, who have produced the design de- 
scribed on page 813-s.* 

The gage, which has a base length of 12 
cm., is shown in Fig. 6. (See also photo- 
graph in Plate I.) The vibrating wire, 
which is of high tensile steel, is stretched 
between the two knife-edge bodies C and 
D. These knife-edge bodies are connected 
to the frame of the gage with just suffi- 
cient freedom to allow the wire to take up 
the strains of the structure to which the 
gage is clamped. An initial tension is set 
up on the wire, before securing the gage to 
the structure, by turning the cam E£. 
When the gage is in use, this cam is re- 
turned to its “‘idle’’ position. 

The frame of the gage carries the elec- 
tromagnets used to excite the wire. These 
same magnets have permanent magnetic 
cores, and are used to pick up the damped 
vibration started by the excitation. 


The ““Maihak”’ Acoustic Gaget 


Each gage is connected back to a central 
control station by a two-core cable (or 
single core and earth return). At the con- 
trol station the standardizing unit shown 
diagrammatically in Fig. 7 is used to de- 
termine changes of strain at the gage. 

* Jerrett, R. S., “‘An Acoustic Strain Gauge,” 
Jnl. of Scientific Instruments, 22, 29 (February 
1945). 

t Forty instruments of the pattern described 
here have been used on the trials. It is known, 


however, that many improvements have been 
made to the design during the last few years 
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Fig. 7—Standardizing Unit for Maihak Unit 


In the standardizing unit A is a vi- 
brating wire similar to the wire in one of 
the gages, but whose tension is controlled 
by a graduated micrometer screw, B. 

On exciting the standard wire and the 
wire of any particular gage, as selected by 
the selector switch C, the continued oscil- 
lations of the wires generate emf.s in the 
coils of the electromagnets, and these are 
led back to a two-stage L.F. amplifier 
operating headphones. The frequencies 
of gage and standard wire are matched in 
the headphones by adjustment of the mi- 
crometer screw. 

The frequencies of the notes heard are 
entirely functions of the mechanical con- 
ditions existing at the vibrating wires, and 
cannot be influenced by electrical oscilla- 
tion in the amplifying system. 

Keys D, Eand F are provided for pluck- 
ing the standard wire or the gage wire in- 
dependently, or together. On depressing 
any of these keys, the excitation voltage 
is applied to the appropriate magnet, or 
magnets, and on releasing the key the 
pickup circuit is made live once more. 

In taking a reading the keys D and E 
are pressed in turn until the adjustments 
to the micrometer screw have made the 
two frequencies as near equal as can be 
judged by ear. If the frequency difference 
is now small, beats will be heard when the 
combined notes are obtained by pressing 
key F. Careful final adjustment to the 
micrometer screw can eliminate the beats, 
for which condition it is known that the 
two frequencies are identical, and, since 
the two wires are similar, the strains in 
gage and standard are identical. 

The mechanical arrangement is such 
that strains in the standard wire are linear 
with micrometer readings. In practice it 

is necessary to perform an individual cali- 
bration for each instrument, by observing 
micrometer readings for known changes of 
strain applied by a testing machine. 


Building Research Station Acoustic Gage 


This gage has a base length of 3%/, in. 
It is shown in Fig. 8. The principle of 
operation is precisely the same as in the 
Maihak gage, but there are many differ- 
ences in the practical details. 

One leg is fixed, while the other moves 
on ball-bearing slides. This system en- 
sures that the strains in the vibrating wire 
are equal to the surface strains in the 
structure, even when the latter are caused 
partially or wholly by local bending. In 
the Maihak gage described this feature is 
missing, and special corrections have to be 
made for local bending (see page 818-s). 
The wire is fixed to the moving leg car- 
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riage at A, passes through the fixed leg B, 
and is attached to the tensioning adjust- 
ment screw C. The reaction to the pull of 
the wire is provided by the second tension- 
ing screw D, which is attached to the mov- 
ing leg carriage by the spring connection 
E. 

Both screws C and D can be used to ad- 
just the initial frequency. Screw D causes 


a relative movement of the gage feet and 
so can only be used before the gage is se- 
cured to the structure. Final adjustment 
in situ can be made by screw C. 

The knife edges are specially hardened, 
and designed to give a three-point seating 
to the instrument. 

The whole instrument is enclosed in a 
robust metal case, with a rubber gasket in 
the jointings to prevent entry of foreign 
matter. The electrical connections are 
made by a telephone type plug and jack. 

From the circuit diagram in Fig. 9 it will 
be seen that the mechanical oscillations of 
the wire are valve maintained at their 
natural frequency; this feature eliminates 
the necessity of repeated excitation of the 
wire while searching for the zero-beat ad- 
justment. 

The standardizing device at present in 
use is similar in principle to that used in 
the Maihak gages. A standard wire is 
tensioned by a micrometer screw, and the 
mixed notes of standard and test wires are 
fed through an amplifier to headphones. 
The standardizing wire is connected to the 
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Fig. 8—Building Research Station Type Acoustic Gage 
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Fig. 9—Receiving Set for B.R.S. Acoustic Gage 


micrometer screw by a helical coil spring. 
This arrangement allows large movements 
of the micrometer to be used for very 
small strains in the wire; furthermore, by 
varying the stiffness of the spring various 
ranges of sensitivity can be obtained for 
the standardizer. 

The objection to the use of such a stand- 
ardizing device is the time required to 
get a reading. For a single gage this is of 
no great consequence, but the cumulative 
time required to read several hundred 
gages becomes prohibitive. In order to 
eliminate this objection, an electronic 
counter is at present being built, which will 
give a metered indication directly in strain 
units as soon as any particular gage is 
switched in. In order to deal with the se- 
lection of any particular gage out of the 
several hundred in use, a 600-line ‘‘tele- 
phone”’ exchange has been built, which 
makes it possible to run through the whole 
sequence of gages by use of a step-on key, 
or to select any particular gage by a tele- 
phone dial. 

The acoustic gages described give strain 
readings to an accuracy of 3 micro-in. per 
inch, or an equivalent stress of 0.05 ton 
per square inch. The temperature com- 
pensation, times of fixing and time of 
reading are all favorable, and it is con- 
sidered that the acoustic gage is the one 
most suited for measurement of direct 
strain over 3- to 5-in. base lengths. Sev- 
eral hundred gages of the Building Re- 
search Station type are at present being 
manufactured, and it is expected that 
these will replace the Tomlinson direct 
strain gage in future trials. 

As an electrically operated remote read- 
ing system the acoustic gage possesses one 
advantage over other types, that is, that 
the signal transmitted between gage and 
control station is of variable frequency 
and not variable amplitude, thus making 
the system relatively insensitive to stray 
pickup and minor faults in insulation. 


Theory of the Acoustic Gage 


The frequency of a vibrating wire in 
terms of its elastic strain is given by 


Eg 
where 


f is the frequency in cycles per second, 
E is Young’s modulus, 


814-5 


l is length of wire, 

p is density of wire, 

g is acceleration due to gravity, 
e is elastic strain. 


The curve of frequency against strain for 
the 12-cm. steel wire of the Maihak gage 
is given in Fig. 10. It will be seen that 
strain varies as frequency squared, and 
this fact had to be taken into account when 
designing the electronic counter referred 
to above, where the meter indication is in 
units of strain. 

Figure 11 shows the generation of a beat 
of one per second from the compounding 
of two frequencies differing by one. It 
should be remarked that no ‘‘musical ear” 
is required in the final tuning operation 
which eliminates the beats. 


Electric Resistance Strain Gage 


The introduction of this type of strain 
gage within the last few years has consti- 
tuted a major advance in the technique of 
strain measurement. Since very complete 
descriptions of this gage and its methods 
of used and applications are available,* it 
is not proposed to give these in detail here, 
but it may be helpful to indicate some of 
the advantages and limitations of the gage 
in ship work. 


* Dorey, S. F., “The Use of Wire-Wound 
Electrical Resistance Strain Gauges as Applied 
to Engineering Problems for the Measurement 
of Static Strain,”’ om I.N.A., 1944. 

Aughtie, F., Ph.D., M.Sc., ‘Electrical Resist- 
ance Wire Strain Gauges, "" Proc. Inst. Mech. 
Eng., 152, 2 (1945). 
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Fig. 10—Frequency: Strain Curve for 12- 
Cm. Maihak Gage Wire 
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The electric resistance strain gage con- 
sists of a filament of fine resistance wire 
held to a paper backing. The gage is se 
cured to the material to be tested a 
special adhesives. As the gage is stretcher 
or compressed by surface strains in the 
structure, the electrical resistance of the 
wire filament changes. This change is 
partly due to the geometrical change of 
shape of te wire and partly to a change 
in specific resistance with mechanical 
strain. Changes in resistance are meas. 
ured by a bridge circuit. In order to elimi- 
nate the changes in resistance due to 
temperature changes, a strain gage, simi- 
lar to the active gage, is stuck to an un- 
stressed piece of plate in the vicinity of the 
active gage. This dummy gage is used as 
one of the other arms of the bridge, so that 
equal temperature changes in active and 
dummy gage produce no indication. 

Owing to its short base length, small 
over-all size and light weight, this gage has 
opened up many new fields of stress in- 
vestigation which were hitherto inacces- 
sible. This is particularly true of investiga- 
tions involving dynamic loading with rapid 
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Fig. 11—-Generation of Beats from Super- 
imposed Vibrations 


fluctuations in strain. For static experi- 
ments, however, the gage has the disad- 
vantage of a strong tendency to zero-drift. 
This unfortunate characteristic can have 
serious effects in hogging and sagging ex- 
periments on ships, where it may not be 
possible to recover the zero conditions, or 
at best several days may elapse before that 
recovery is possible. 

The zero drifts experienced can be at- 
tributed entirely to the gages and the 
methods of sticking to the structure, as it 
is possible, with reasonable precautions, 
to stabilize the bridge circuit and indicat- 
ing devices. 

A considerable amount of research work 
has been done to determine the reason for 
the drift, and to find methods of over- 
coming it. Climatic conditions have been 
shown to have a profound effect, and by 
protecting the gages, with waxes, from the 
atmosphere the drift has been reduced to 
acceptable values, which should permit 
the successful use of these gages in future 
static trials. 

Two forms of adhesive are in common 
use: cellulose cements and thermal setting 
waxes. It appears essential with both 
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forms of sticking to prevent the gage ab- 
sorbing moisture from the atmosphere 
both during and after sticking. 

When using cellulose cements the struc- 
ture, which has been ground bright locally, 
is warmed to about 125° F. by infrared 
lamps. The gage is then stuck down and 
the temperature maintained for an addi- 
tional five minutes. This is sufficient to 
evaporate the solvent in the cement, and 
at the end of that time the wax anti- 
moisture protection is applied. Gages 
stuck in this manner are ready for reading 
initial values as soon as the structure has 
cooled down. 

The procedure with the thermal setting 
waxes is similar. The plating must be 
heated to the appropriate melting tem- 
perature for the wax selected, and this has 
been done so far by an eddy current heater 
working from the 50 cycles mains. Wax 
is smeared on to the plate, the gage is 
stuck down, and more wax is run in over 
the gage to form anti-moisture protection. 
Additional protection against moisture can 
be given by waxes, as in the previous 
method of sticking. 

There are two distinct forms of con- 
struction for the electric strain gage. In 
one type the filament is wound round a 
paper former and then fixed between two 
further layers of paper by plastic bonding. 
Typical of this class are the gages pro- 
duced by the National Physical Labo- 
ratory. In the alternative form, the fila- 
ment is held to a single thickness of paper 
by cellulose cement. An example of this 
class is the American $.R.4 gage. Gages 
of the latter type are not suitable for the 
thermal wax method of sticking, as the 
temperatures involved may damage the 
gage. 


Fig. 13—Ball Type Bending Gage 
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Fig. 12—Local Bending of Plates 


With suitable precautions, the accuracy 
of strain reading and the temperature com- 
pensation of electric strain gages can be 
brought within the required limits. The 
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times of fixing the gage and of taking ob- 
servations are both favorable to its exten- 
sive use in investigations on ships’ struc- 
tures. 


Plate II—Bottom Shell 
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Plate III-Starboard Longitudinal Bulkhead. Mushroom Gages, Deflection Wires, 
Tomlinson and Ball Gage Stations. 
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Plate IV—-Upper Deck and Fashion Plate—Port Side. Long Base and Tomlinson 
Gage Positions 


Measurement of Local Bending Effects 


The measurement of local bending 
strains becomes necessary under two con- 
ditions; first, when it is desired to elimi- 
nate from the total surface strain that 
part contributed by local bending, and 
second, in those cases where it is desired 
to study the stresses set up by such local 
bending. Figure 12 illustrates the action 
of local bending in a plate, and shows four 
of the methods by which it can be detected. 
In the investigations so far conducted, 
local bending has been detected or elimi- 
nated by instruments based on one or 
other of the.methods indicated by, the four 
diagrams. 

The following special instruments have 
been designed for the detection of local 
bending. 


Ball Type Bending Gage 


This device is essentially a cylindrome- 
ter, which measures changes in the 
versine of a fixed chord length of 6 in. 
Designed by the late Dr. Tomlinson of 
N.P.L., this instrument, which is illus- 
trated in Fig. 13, is particularly useful for 
exploring the local bending strains in 
plated areas. (See also photographs in 
Plates II and III.) 

The gage points consist of !/:-ia. diame- 
ter polished steel balls mounted in brass 
sockets secured to the plating by a suitable 
adhesive. These balls are usually arranged 
in fields, covering the area to be examined, 
and are placed at 3-in. centers on axes 
mutually inclined at 60°, forming a honey- 
comb pattern. By this means changes in 
curvature in all directions can be deter- 
mined. 

The measuring instrument consists of a 
rigid frame fitted with three fixed legs, and 
one moving leg which operates a dial gage 
reading to */,0,00 in. The design of the 
feet of all four legs ensures proper seating 
of the instrument whiie allowing for slight 
variations in the ball positions, due to 
strain or errors in setting out. As can be 
seen from Fig. 13, one of the fixed legs 
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terminates in a ‘hollow cone, which fits 
over one ball; the second fixed leg termi- 
nates in a V-groove with its axis pointing 


to the first leg, while the third fixed leg has 
a flatend. The moving leg also terminates 
in a flat end. All four legs have provision 
for axial adjustment required for setting 
zero values. Plastic handles are fitted to 
eliminate as far as possible the effects of 
temperature when handling the instru- 
ment. 

For standardization of the zero of the 
instrument, readings on the structure are 
related to readings on a standard set of 
four balls mounted on an unstressed plate. 
In practice, the normal routine is to check 
the instrument against this standard after 
every tenth reading. It has been found 
advisable to avoid any changes, end for 
end, of the instrument during a set of 
readings on any one ball, as this has been 
found to introduce differences. 


Bending strains can be computed from 
the formula given in Method III, Fig. 12. 
The accuracy attainable depends on the 
plate thickness, but in the thicknesses 
common in shipbuilding it is always better 
than an equivalent stress of 0.1 ton per 
square inch. The gage’s other charac- 
teristics, temperature compensation, time 
of fixing and time of reading, are all satis- 
factory, and the continued use of the gage 
is envisaged for area investigations. 

Figure 14 shows the stress distribution 
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Fig. 14—Typical Bending Stress Diagram Obtained by Use of Ball Gage 
Note: Values on curves give stress in tons per square inch 
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Fig. 15—Tomlinson Bending Gage (Type 
Gage) 


in a panel of plating under hydrostatic 
pressure, made from an actual investiga- 
tion with this gage. 

The ball type bending gage is not par- 
ticularly suited to the measurement of 
local bending effects for the purpose of 


eliminating them from surface direct 
strains, since the ball stations cannot be 
superimposed on top of other gage sta- 
tions. To eliminate this disadvantage, 
the following gage was designed for local 
bending elimination in the case of the 
Tomlinson Direct Strain Gage. 


Tomlinson Bending Strain Gage— 
Type C Gage 


This gage operates on precisely the 
same principles as the ball-type bending 
gage, and differs only in the shape of the 
feet, which in this case are made to fit the 
gage holes already drilled for use with the 
Tomlinson Direct Strain Gage (see page 
811-s). 

The instrument is illustrated in Fig. 15, 
where it will be seen that the two outer 
“fixed’”’ legs have steel ball terminations 
similar to those used in the Direct Strain 
Gage. One of these so-called ‘“‘fixed”’ legs 


has a degree of longitudinal freedom, pro- 
vided by the spring steel hinge. This 
longitudinal movement allows the instru- 
ment to be seated properly in the gage 
holes despite small movements due to 
strain or errors in setting out. Both the 
outstanding leg and the dial gage leg termi- 
nate in rounded tips. The dial gage leg 
reacts on to a plain glass disk */, in. in 
diameter stuck to the structure at the 
center of a rosette by cellulose cement. 

Similar precautions are used in opera- 
tion to those used with the ball-type gage, 
including the use of standardizing plates. 
Instruments of this type and of the ball 
type have been used with mirrors at 45° 
in front of the dial gages, in order to allow 
readings to be taken from the top of the 
instrument in places where a direct view 
of the reading is obscured by structural 
details. 

The Type C gage operates on a 5-in. 
base length, and the seatings are not so 
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defined as those in the ball gage which has 
a 6-in. base length; in consequence the 
accuracy of the former is approximately 
half that of the latter. 


Mushroom Type Bending Gage 


This gage has been found useful in 
places where the ball gage cannot be used. 
Figure 16 shows a row of mushroom units 
set up on a typical location across a plate 
lap, where the ball gage could not cover the 
sudden change in plate level. (See also 
photograph in Plate III.) 

The gage operates on the principle of 
Method IV, Fig. 12, by which local bend- 
ing strains are detected from alterations to 
the change of slope of the plating over a 
fixed base length. 

Reduced to its simplest form, a two-unit 
reading point, the device consists of two 
rods, 21 in. long, secured rigidly normal to 
the plating at positions 3 in. apart. 
Changes in the distance apart of the upper 
ends of the rods, measured by ‘‘Perspex”’ 
diagonal scales, are a measure of the re- 
quired difference of change of slope. 

The transparent diagonal scale plates 
are detailed in Fig. 17. It will be seen that 
there are two types which combine to form 
a double diagonal scale at each intersec- 
tion. The purpose of the double scales at 
each intersection is to minimize errors 
arising from distortion in setting up the 
plates, which errors could be serious with 
a single intersection. 

Parallax errors are avoided by having 
the engraved divisions on the facing sur- 
faces at each overlap. The plates are given 
vertical and horizontal freedom when 
setting up by the screwed ends of the rods, 
which fit oversized holes in the plates. 
The setting is arranged to give a slight 
clearance between each pair of plates. 

In practice the rods can be arranged in 
rows, and by reason of the scales on all 
four sides of one type of plate (see Fig. 
17), rows intersecting at 90° can be used. 

The accuracy of reading with the mush- 
room gage, with '/,-in. thick plate, is 
equivalent to 0.25 ton per square inch. 
The gage is used only in those places where 
the ball gage will not operate, as the latter 
has superior characteristics in all other re- 
spects. 


Elimination of Local Bending Effects from 
Direct Strain Readings 


The separation of that part*of the sur- 
face direct strain due to local bending has 
been effected either by the use of special 
bending detection instruments, such as 
those just described, or by the use of 
double direct strain readings, in the man- 
ner suggested by Methods I and II of Fig. 
12. In Method I no additional prepara- 
tion is needed, but access to both sides of 
the plate must be available. For places 
where access to both sides is impossible, 
or undesirable, Method II can be used. 
This method requires small pads being s¢:- 
cured to act integral with the structure at 
the gage points. 

Considering the various direct strain 
gages described in page 810-s et seq., local 
bending corrections to observed direct 
strains are performed as follows: 

Long Base Direct Strain Gage: No 

correction provided, for reasons de- 
tailed in succeeding paragraph. 
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Tomlinson’s Direct Strain Gage: By 
use of ‘“‘Type C”’ local bending gage 
(see page 817-s). 

Acoustic Gages: By use of double read- 
ings, Methods I and II of Fig. 12. 

Electric Resistance Strain Gage: By 
use of double reading, Method I only. 


Neglect of Local Bending Correction in 
Long Base Direct Strain Gages 


The total indication by the dial gage in 
a long base strain gage is given by: 


5 = JS (heart of plate direct strain) dx 
+ /S (local bending strain) dx 


The second term represents the local bend- 
ing correction, or, if no correction is ap- 
plied, the local bending error. 

In the case of a longitudinally framed 
ship the local bending strain could have the 
same sign over the whole base length of 
the gage, and thus give a cumulative error, 
but on account of the inhibition of local 
bending by the longitudinal stiffening the 
magnitude of the error term is always neg- 
ligible. 

In the case of a transverse framing the 
magnitude of local bending strain can be 
severe, but owing to the sinusoidal charac- 
ter of the bending curve imposed by the 
frames the error will be largely self-com- 
pensating. 

Figure 18 shows the two modes of bend- 
ing which are likely to occur with trans- 
versely framed panels and shows the rela- 
tion between length of gage and frame 
spacing to give zero and maximum errors. 
It should be noted that these maximum 
errors can only arise when the left-hand 
end of the gage falls in the position shown; 
and that, even with the base length asso- 
ciated with maximum error, displacement 
of the whole gage by a quarter of a wave 
length from the position shown will once 
more produce zero error. 

In the extreme case of the worst pos- 
sible gage length falling in the worst possible 
position, the greatest error which can re- 
main is 20° of the maximum local bend- 
ing stress for the single curvature case and 
10% for the double curvature case. 

With the 100-in. base length gages used, 
it is not possible to adjust the base length 
to give the zero error condition for all 
frame spacings. Precautions are taken, 
however, in locating the gage relative to 
the frames to give the best position relative 
to the anticipated mode of bending. In 
consequence of such precautions, the prob- 
able errors for the single and double curv- 
ature cases are estimated at 5% and 3% 
respectively. These figures are percent- 
ages of the maximum local bending stres- 
ses, which are in themselves generally less 
than the direct stresses; so that errors in 
direct stress, caused by neglect of local 
bending correction, are likely to be less 
than 5%. 

A further secondary effect of local bend- 
ing which will tend to give erroneously 
high readings when the plate curvature is 
large, is caused by the fact that the gage 
measures strains along a straight line join- 
ing the gage pads and not on a line following 
the sinusoidal path of the center of the 
plate. This effect varies as the square of 
the mid-panel deflection. It is negligible 
until the local bending stresses reach about 
2 tons per square inch (0.06 in. central de- 
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flection on '/:-in. plate with 30-in. frame 
spacing), but it can become excessive 
where high deflections occur, and in those 
cases special deflection readings must be 
taken if the long base gage readings are to 
be reduced. ‘ 

This latter effect is also present in the 
Tomlinson Direct and Acoustic Gages, but 
owing to their much shorter gage length it 
can never attain values necessitating cor- 
rection. 


Measurement of Deflections in Plated Areas 


For large areas such as Sulkheads, where 
a high degree of accuracy is not required, 
it has been found convenient to use 
stretched piano wires and to measure the 
offsets to the plating with a steel rule. 
With experience, readings accurate and re- 
peatable to within 0.01 in. are practical. 
To ensure repeatable seatings of the end of 
the rule, small glass disks are cemented to 
the plating. 

Where greater accuracy is required, a 
row of dial gages held to a rigid bar has 
been successfully used. The ends of the 
bar are connected to the structure at 
points on the base line for the desired de- 
flections, and sufficient freedom is pro- 
vided in the connection to avoid any 
straining of the bar by linear or angular 
movements of the supports. Glass disks 
cemented to the plate are used under the 
dial gage stems. 


Measurement of Longitudinal Deflections of 
Ship as a Whole 


The comparison of theoretical and ob- 
served deflections on the ship’s girder 
forms a useful index by which the general 
rigidity of the structure can be assessed. 
On any cross section, the plating strains 
cannot differ widely from the theoretical 
values given by classical beam theory 
(apart from local fluctuation), since the re- 
sulting forces associated with the strains 
must balance the shear forces and bending 
moments acting on any section. However, 
if connections are slipping, or if gross buck- 
ling of plates is taking place, the deflection 
of the ship as a whole will exceed the theo- 
retical value. 

Several methods of measuring the over- 
all deflection have been used, such as 
sighting battens, measurement of draught, 
and water-tube levels, but the most reli- 
able and convenient method so far found 
is by using a theodolite. 

The instrument used is of modern de- 
sign, with 3-in. diameter glass circles read- 
ing to one second of are by a micrometer 
adjustment. It is set up near amidships 
with its vertical axis parallel to the ship’s 
vertical axis. Targets are fixed through- 
out the length of the ship. For conven- 
ience in sighting (and in subsequent reduc- 
tion to deflections) these targets are ar- 
ranged, so far as possible, in the “‘horizon- 
tal’’ plane passing through the theodolite. 

The extreme end targets are arranged 
over the perpendiculars, and all deflections 
are reduced to a line joining these two end 
targets. Deflections can be observed by 
this method to an accuracy of 0.05 in. ina 
400-ft. ship. 

The theodolite method can be extended 
to measure horizontal deflections and 
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angles of twist set up by more complex 
conditions of loading. 


Parallel Developments of Gages in U.S.A. 


It is interesting to observe that for cor- 
responding structural investigations on 
ships carried out in U.S.A., the develop- 
ment of suitable gages has proceeded on 
very similar lines. 

Electric resistance gages and long base 
bars have their direct equivalents, while 
the Tomlinson direct and ball bending 
gages correspond, respectively, to the 
Whittemore Strain Gage and the Sagitta 
Gage, used extensively in tria's in U.S.A. 

It is hoped that the apparatus and 
methods described will provide valuable 
information on the behavior of ships’ 
structures. The author acknowledges with 
thanks the permission of the Admiralty to 
present this: paper, and wishes to record 
his appreciation of his colleagues who have 
contributed to the developments. 

Professor J. F. Baker, of the Engineer- 
ing Department, University of Cambridge, 
has given valuable advice throughout in 
the development of instruments for this 
work. 


Appendix 


A Computing Device for the Conversion of 
Experimental Strain Values to Stresses 


A problem arising from the experimental 
data is the rapid and accurate reduction of 
groups of three strains into two principal 
stresses, and the orientation of these 
stresses relative to the direction of one of 
the strains. 

Mathematical reduction, while not dif- 
ficult, is laborious, and many suggestions 
have been made to ease the work by graphi- 
cal aids; most of these methods, however, 
still involve a certain amount of calcula- 
tion before the desired result is achieved. 

A mechanical means of solving this prob- 
lem has been devised to facilitate the re- 
duction of many thousands of such strain 
records obtained in these experiments. 
It applies to strain gage groups built up on 
the 60° pattern. Considerable simplifica- 
tion is obtained by assuming that Poisson’s 
ratio is 1/3. However, it will be appre- 
ciated that this is a rational value for most 
metals and, further, that small variations 
in the values assumed for Poisson’s ratio 
will have only minor effects on the corre- 
sponding calculated values of principal 
stresses. 


The Basic Principle of the Method 


If a space model is constructed with the 
three measured strains ¢;, ¢ and é; lying 
along three mutually perpendicular axes, 
then for any particular combination of the 
three strains, that is, for any particular 
point in the model, there will be fixed 
values of the two principal stresses and the 
angle of orientation. It follows that it is 
possible to construct surfaces in the three- 
dimensional model, such that on any given 
surface one of the quantities, stress, or 
angle of orientation, is constant. 

Over the whole space of the model there 
would be families of such surfaces; one 


1946 


family for each of the three quantities in- 
volved. 

If we make e; take a vertical direction 
in such a model, then any horizontal plane, 
defined by e; = constant, cuts each family 
of surfaces in a set of curves which are con- 
tours of constant stress, or angle. It will 
be shown that the shape of such a set of 
curves is independent of the value of eé3, 
though the parameters of the curves may 
alter. 


Mathematical Derivation of Curves 


Notation :— 

€,, €2 and e, = the three measured strains. 

Cmax and e¢,,,= maximum and minimum principal 
strains. 


9 = the strain in any direction inclined @ to direction 
Of Prax 
Pmax = Maximum and minimum principal 
stresses. 
E = Young's modulus. 
= Poisson's ratio. 
The analysis of plane complex stress gives the equation :* 


= “mex cos2@ (1) 


+ mar 


+ (nee — 
2 


Let the angle between the maximum 
principal strain and the direction of e; be 
measured clockwise form e;, then the direc- 
tions are as shown in Fig. 19. 


Let = A+B (2) 
Com =A-B (3) 
From (1) 
¢, = A + Bcos20 . 4) 
€) A B cos 2 (60 A) 
v3 ! 
. . 
e, = A + Boos2(120°— @) 
v3 
A+ B( =~ sin 27 — cos 2#) (6) 


Adding (4), (5) and (6), 


€;+@,+¢,=3A or A 3 (7) 
From (4) 
Q e,) 
3cos2¢ (8) 
Subtract (6) from (5), 
sin 26 ¢) (9) 
v3B 
From (8) and (9), 
con 20 (e, — ¢;)3B v3 
Cy 


Since the axes of principal strain and principal stress are 
coincident, this value of @ gives the orientation of the axis 
of principal stress relative to the direction of e,. 

Rewriting (10), we get 


2 tan 2 Ae, — (tan20 + V3)e, — (tan24— V3)e,=0 

(il) 

This, for constant 6, is the equation of a plane so that its 

intersection with the horizontal plane (¢, = constant) is a 

straight line. For each value of @ the line has a gradient 
given by: 


and all lines pass through the point ¢, = ¢, = ¢;. Since 
the slopes of the lines are independent of ¢,, the field will 
preserve both its shape and calibration as ¢, varies, the only 
change being that the geometric centre of the field moves 
along the line inclined at 45° to ¢, and e, until e, = ¢, = ¢,, 
as shown in Fig. 20. 

The principal stresses are given by: 


E 
E 
Thus 
+ B) (A — 
Pmax 
which from (7) and (8) 
E 


+ (2e, —e, — — p)sec2 (14) 


* Case, The Strength of Materials, p. 79 
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e, PMAX. 
\ 
\ ° 
\ 60°) 
\ 60° 
= PMIN. 
~~ J 
€3 
Fig. 19 
Substituting from (9), 
sect 2.0 = (1 + tan? 26) = 1 + 


It is convenient at this stage to introduce the simplification 
p = 4, when, with some labour, the equation reduces to: 


4 | f 4 Par | 


The equation involving p 


s identical in form 


If we assume that $ constant as well as ¢,, the above 


expression is the equation of a hyperbola with ¢, and e, as 

axes, so that the families of curves for maximum stress on 

the horizontal planes of the space mode! are al! hyperbolae 
(Note: If js is not 4 these curves are not hyperbolae.) 


Suppose now that the value of ¢, changes to « e, +h. 
Firstly the axes of ¢, and ¢, must be moved to occupy parallel 
positions such that the centre of the field of curves occupies 
the point ¢; = ¢, = ¢,, so that, in (16) we must write ¢, + A 
for ¢,, and ¢, + A for e,, whence 

4 4 


This new equation is identical with (16) if we change 


4 4 
(5 Prax) of equation (16) into (5 Prax * + 


This shows that alteration of the value of ¢, will not alter 
the shape of the family of equal maximum stress curves, but 
will, however, alter the value attached to each particular 
curve of the family 


A further simplification, which is con 
venient but not essential, is to adopt for 
Young’s modulus the value 13,333 tons 
per square inch. This is within 1°; of the 
usually accepted value for mild steel 


of 30 X 10° psi., reduces the ex 


to 0.0001 Pr 


pression ( 


The Construction 

It will be observed from the above 
mathematical treatment that a field con 
sisting of contours of maximum principal 
stress, of minimum principal stress, and of 
equal orientation can be drawn. If this 
field is moved relative to axes of ¢,; and eé: 
it can be associated with any particular 
value of e;, the origin of coordinates in e, 
and é2 moving along a line inclined at 45 
to these axes 


f the Device 


At the same time the value 
attached to each particular curve of the 
principal stresses changes in a simple man- 
ner 

The above features are utilized in con- 
structing the mechanical device as shown 
in Fig. 21. 

On the base frame A, Fig. 22, is drawn 
the whole field of curves rhe lines of 
equal orientation are marked with the 
angle to which they correspond, since 
their calibration is constant, but no values 
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FIELD OF EQUAL ANGLES OF ORIENTATION. 


Fig. 20 
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are attached to the stress contours, since 
their calibration depends on the value of 
e3. 

The contours for mar are drawn in full 
lines, while those for Pmim are drawn in 
dotted lines. Further to assist in follow- 
ing curves to their calibration scales, differ- 
ent colors are used for neighboring curves 
in the series. The lines of equal angle are 
drawn in full black lines. 

The field is bounded by an arbitrary 
oval-shaped line which encloses sufficient 
range to cover all possible combinations of 
strains within the elastic range of mild 
steel. 

In the particular model the stress con- 
tours are plotted at intervals of 1 ton per 
square inch. Outside the bourding oval 
the Pmaz contours are taken by guide lines 
to a set of sloping lines along one edge of 
the model. These form part of a diagonal 
scale. A similar set of lines is provided 
along the other édge for the i contours. 


The spacing of these lines is controlled by 
the values of Young’s modulus. If E = 
13,333 tons per square inch, the divisions 
will be shown to bear a simple ratio to 
those on the scale of e;. 

Slide B, Fig. 23, which is transparent, 
carries down its two edges two calibrated 
scales. As these scales slide over the cor- 
responding sets of slant lines on the edges 
of the field of curves a diagonal scale is 
formed, giving decimal subdivision. 

Slide B also carries the graduated axes 
of e; and é¢2. These axes are at right angles 
to each other and inclined at 45° to the 
direction of motion of the slide. 

Finally, on slide B is the scale of e; which 
is read against the fixed mark on the frame 
A. As the e and és scales are drawn on 
axes at angles of 45°, the divisions on the 
scale of e; must be 1/2 times the corre- 
sponding divisions on scales of e, and és. 
Furthermore (with the particular value of 
E = 13,333 tons per square inch) it is 


necessary for (Preto change twice as 


FRAME A 


Fig. 22—Baseboard with Grooves for 

Slides Down the Sides and Showing the 

Field of Curves Within the Oval and d- 
ing It to the scales 
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rapidly as e;. Thus the interval between 
lines on the diagonal stress scales corre- 
sponding to increment of 1 ton per square 
inch will be one-half of the intervals on 
scale e; for increment of strain of 0.0001. 

The other transparent slides, C and D, 
Fig. 23, each carry a simple ungraduated 
center line, and are constrained to move 
so that these lines remain parallel to the 
axes of ¢ and ¢;, respectively. The pur- 
pose of these slides is to assist in locating 
the required point on the field. 

In using the instrument the sequence of 
operations is as follows: 


(a) Set slide B to appropriate value of 

(b) Move slide C until it coincides with 
the appropriate value of e, on 
slide B. 

(c) Move slide D similarly to coincide 
with appropriate value of ¢. 

(d) Read off angle of orientation at in- 
tersection of slides Cand D on the 
field of radial lines on frame A. 

(e) From the intersection of slides C 
and D, follow the contours of 
Pmar to left-hand diagonal scale 
and there read value of principal 
stress, Pmar- 

(f) Proceed as (e) above, but to right- 
hand scale to read principal 
stress, Pmin. 


ii 


TENSION 
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Fig. 23 


It may happen that the “minimum” 


stress numerically exceeds the ‘‘maximum’” 


as found from the instrument; this can, 
however, easily be rectified by interchang- 
ing the stresses and at the same time rotat- 
ing the axes of orientation through 90°. 

Provided that care is taken in inter- 
preting the value of the orientation ob- 
tained, a good check can be made by re- 
peating the process three times, taking 
each strain as ¢; in turn. 

The reliability of the value of the angle 
of orientation may be rapidly assessed as 
follows: 

It may often happen that the three 
strains are nearly equal, so that the ellipse 
of stress tends to become a circle, with a 
consequent lack of definition in the direc- 
tion of the principal axes. Under these 
conditions, a small error in any of the ob- 
served strains may cause a large error in 
the angle. 

To give an indication as to the accuracy 
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of the angle, as determined by the instru- 
ment, curves have been drawn across the 


lines of equal angle. Each of these curves 
encloses an area within which the error in 
angle for an error of approximately 
0.00001 in one of the strains is greater than 
the value attached to this curve. In the 
particular instrument these curves have 


been drawn for uncertainty in angle of 
1/,°, 1°, 2° and 4°. A reliability classi- 
fication can therefore be attached to any 
angle found from the instrument according 
to the zone within which the intersection 
of slides C and D falls. 

These curves are not completely justi- 
fiable mathematically, since the uncer- 


tainty of angle depends on which of the 
three strains is in error. Nevertheless, 
the zones provide a useful guide in judging 
the importance to be attached to each 
reading. 

The instrument has proved extremely 
useful for the purpose for which it was de- 
signed. 


Part II—The Tests and Their Results 


By R. B. Shepheard, B.Sc.,* and James Turnbull, O.B.E., Members of Council 


Introduction on-Tyne. She is typical of a number of Breadth, molded........ 59 ft 
HE structural behavior of similar tankers built for the same owners in recent Depth, molded......... 34 ft 
welded and riveted ships under com- years. An outline general arrangement is Draught, molded, sum- 
parable conditions of loading has formed shown in Fig. mer load line......... 27 ft. 4°/,in. 
an important aspect of the investigations The principal dimensions and particulars Block coefficient at sum- 
undertaken by the Admiralty Ship Weld- are as follows: mer load line....... 0.757 
ing Committee. ; Length between perpen- Midship section coeffi- 
A unique opportunity has been afforded diculars.............. 460 ft. 0 in. cient at summer load 
for the prosecution of this work by the Length overall.......... 485 ft. 5 in. 0.994 
availability at the present time of certain 
merchant ships of identical dimensions, 
form and arrangement, differing only in the 
adoption of welding as an alternative to VARIABLE Loaps 
riveting in the hull structure. = 
sults of tests in still water on the welded Newel Near 
12,000-ton D.W. tanker Neveriia, under 
various conditions of loading. Compar- Aft peak + F.W.tank .. 52 48 76 
Cross bunker + 45 40 | 4 28 67 | 62 
able tests have also been completed on No. 1 cargo tank 2 eas ne 1,730 a - 
the tanker Newcombia, a sister ship of No. 2 cargo _ | 1,340 1.790 1.300 450 oe me 
No. 3 cargo tan 1,069 1,632 O52 
practically all-riveted construction, the Ne. 3 tank 368 275 275 168 
results of which are now being analyzed, No. 4 cargo tank 
No. 5 cargo tank és 1,783 1,785 1,785 1,785 1,78 
and will be published in due course. = ‘62 1802 
No. 6 cargo tank 93 373 93 - 93 373 
- ; No. 7 cargo tank 424 1,710 424 424 424 1,710 
Description of the ‘‘Neverita”’ oa 940 950 1,880 940 
. 
driven tanker, built in 1944 for the Anglo- 
7 ? 57 
Saxon Petroleum Co. by Messrs. Swan, Tous 9.548 
Hunter & Wigham Richardson, Wallsend- Draught amidships 20 ft. 3in. | 23 ft. hin. | 2 fe. | 17 fe. | 20M. 34 im. | 23M. SP in. 
Trim by stern 2ft. Shin. | 7ft. | 2 ft. | 1 ft. 2 ft. in. | Bf. in. 
ey | Displacement | 11,969 14,026 | 11,997 | 10,148 12,007 | 14,053 
an Ship Su h Calculated B.M.on Test & fr.884(ft.-tons) | 3,000 — 86,000 $2000 | 158,300 4,700 — 85,000 
Weldias A of the Maximum shearing force (tons) 762 1,683 781 1,572 776 1,674 
Vice-Chairman, Admiralty Ship Welding Calculated maximum deflection (inches) | 0-60 —303 | 0-61 
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Fig. 1—General Arrangement 
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Fig. 9—Positions of Strain Gages Upper Deck Plating (Gages on Under Side) 
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Displacement at summer 
Deadweight at summer 
load draught......... 


16,793 tons 


12,355 tons 


The principal scantlings and structural 
arrangements are shown on the midship 
section, Fig. 2, and a perspective view of 
the tank spaces in Fig. 3. 

The bottom and deck are longitudinally 
stiffened, with transverse side framing and 
vertical stiffening at the bulkheads. 

Except for the following connections, 
the main structure is welded: 


Side frames are riveted to shell. 

Middle line girder under upper deck is 
riveted to flat bars which are welded 
to the transverse bulkheads. 


The hull is constructed of ship quality 
mild steel of 26/32 tons per square inch ulti- 
mate tensile strength. 

The vessel is classed 244 100A1 “Carry- 
ing Petroleum in Bulk,’”’ by Lloyd’s 
Register. 


Objects of Tests 


The main object was to observe the de- 
flection of the welded hull girder, and to 
obtain a measure of the distribution of the 
stresses set up across a section of the ship 
near amidships by known changes of 
longitudinal bending moment. 

Advantage was taken of the experi- 
mental facilities available to investigate 
a number of subsidiary probleins, of which 
the principal were: 


1. Effects of change in draught. 

2. Effects of change in temperature. 

3. Local bending in the longitudinal 
bulkhead due to water pressure 
alone, and in combination with 
hogging of the hull girder. 

4. Effect of initial unfairness of plating. 

5. Deflection of a transverse bulkhead 
under water pressure. 

6. Stress concentration at discontinui- 
ties. 


Conditions During Tests 


The installation of the instruments was 
commenced on July 2, 1944, during fitting 
out, and was completed on July 25th. 
Observations were commenced on July 
25th and completed on August 8, 1944. 
During the tests the ship lay at Jarrow 
Slake Buoys, near Tyne Dock, moored at 
bow and stern, and heading upstream, 
almost due east-west. The weather was 
generally favorable throughout the tests, 
the wind and tide being such that no forces 
of any appreciable magnitude were im- 
posed on the structure by the mooring 
cables. 


Loading Cycles 


It was intended to subject the ship to 
bending moments which would induce in 
the deck and bottom shell stresses of ap- 
proximately 5 tons per square inch, both 
in the hogging and sagging conditions. 
These moments were exceeded in the 
maximum hogging condition, but were 
not reached in the maximum sagging con- 
dition, as No. 4 port and center tanks had 
to be kept dry for the operation of strain 
gages and recording of the results. 
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Fig. 11—Positions of Strain Gages; Port Longitudinal Bulkhead; Looking to Starboard 


The changes in bending moments were 
effected by filling, with water, the tanks 
appropriate to the particular condition. 
The six conditions of loading adopted for 
the main bending experiment are given in 
detail in Table I. 

It will be observed that the loading 
cycle was as follows: neutral, sagging, 
neutral, hogging, neutral, sagging. An 
endeavor was made to produce neutral 
conditions in which the bending moments 
amidships were practically zero. 


Test Section 


A station near mid-length in No. 4 tank 
between frames 88 and 89 was adopted 
as the test section. The position was 
selected because it was considered to be 
typical of the midship structure and likely 
to be free from any appreciable secondary 
effects due to the bridge erection. 


Bending Moments 


The calculated bending moments for the 
first six loading conditions have been given 
in Table I. Those for the two extreme 
conditions of sagging and hogging, ie., 
conditions Nos. 2 and 4, are also given in 
Table II along with, for comparison, the 
following: 

AL for 

(2) C values in formula B.M. = e 

the bending moments imposed. 
TL*B 
(8) T values,* in formula B.M. = Foe 


for the bending moments im- 


posed. 

(4) Calculated bending moments de- 
rived by assuming ship in fully 
laden condition and supported 
by standard trochoidal wave of 
height equal to one-twentieth of 


the length. 
TABLE 
COMPARISON OF BENDING MOMENTS. 
Loading Condition | P | 
| 
(1) Actual B.M. (ft.-tons) .. | 86,000 | 158,300 
(2) Cin BM. = 75°25 29-45 
3 
(3) Tin BM 
(4) Assumed fully laden on | 
5p Wave. (ft.-tons) | 17,000 144,000 


Where A = Load displacement. 
L = Length BP. 
B = Breadth moulded. 


The loading, shearing force, bending 
moment and deflection curves for neutral 
condition No. 1 are shown in Fig. 4. Fig- 
ure 5 shows these curves for the maximum 
sagging condition No. 2, and Fig. 6 for the 
maximum hogging condition No. 4. 


Positions of Strain Gages 


A detailed description of the strain gages 
used and an estimate of the degree of ac- 
curacy attained by each type are given in 
Part I. 

Maximum use was made of the avail- 
able equipment by concentrating the gages 


os udinal Bending Moments,” 
Foster King, C.B.E., L.L.D., Trans. I.N.A., 86. 
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on the port side of the structure. The 
positions and types of strain gages ar- 
ranged on the various items of the test sec- 
tion are indicated as follows: 


Upper deck (underside)... .. Fig. 9 
Upper deck (upperside).... Fig. 10 
Longitudinal bulkhead, port. Figs. 11 
and 12 

Longitudinal bulkhead, star- 

Upper deck center girder.... Fig. 14 


The Tomlinson and Maihak gages were 
generally arranged in rosettes and delta 
formations to enable the magnitude and 
direction of the principal strains at each 
station to be determined. A photograph of 
a Maihak delta in position on the upper 
deck with the cover removed is shown in 
Plate I. The readings from the electric 
resistance strain gages proved unreliable 
due to zero drift, and were not included in 
the analysis of results. 


Distribution and Intensity of Stress at the 
Test Section in Maximum Hogging and 
Sagging Conditions 


From the strains measured in the various 
conditions of loading, the corresponding 
principal, longitudinal and transverse 
stresses were evaluated, using the accepted 
value of Young’s modulus for steel. The 
figure actually adopted was 13,333 tons 
per square inch, which, in association with 
Poisson’s ratio of 1/3, greatly simplified the 
conversion of three directional strains to 
stresses—a not unimportant consideration 
in the analysis of the very large number of 
readings taken during these experiments. 
Unidirectional strain measurements were 
taken on the flanges of longitudinal stiffen- 
ers, and similar members. On plating 
panels, as already stated, the surface 
strains were measured in three directions 
at 120° to each other, and a correction for 
local bending made by applying the in- 
formation obtained from the adjacent 
“ball” gates. The stresses derived for the 
main test section are therefore heart of 
plate stresses. 

As a check on the experimental accu- 
racy, integrations were carried out of the 
forces and moments over the test section, 
derived from the observed strains, the 
summations being corrected for the small 
differences due to hydrostatic head in the 
loading conditions. This correlation shows 
a maximum error in the worst case of 
5% in out-of-balance forces; the corre- 
sponding error in moments being less than 


3%. 


The longitudinal and transverse stresses 
on the deck plating and on the bottom 
shell, derived from the different types of 
gages employed, are given in Figs. 15 and 
16. From these figures it may be noted 
that: 


1. There is a fair measure of agreement 
between readings from the various 
gages. 

2. Transverse stresses are developed, 
to an order of 20% of the corre- 
sponding longitudinal values, but 
are subject to considerable fluc- 
tuations. They taper to zero at 
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TABLE III 


CHANGES IN OVERALL DEFLECTION 


Neutral |° Neutral Sag FORD 
to Sag to Hog to Hog 
ins. ins. ins. 
Calculated, including shear. . 3-75 4-95 8-7 © 
Calculated, excluding shear. . 3°5 4°6 8-1 


the gunwale, as would be ex- 
pected. 

3. There is a considerable increase in 
longitudinal stress in the vicinity 
of the hatchway. 

4. The principal stresses are generally 
oriented fore and aft, the only 
pronounced exception being on 
the deck between the ship’s side 
and the hatchway. 


Measurements at girders, stringers and 
longitudinals, Fig. 17, indicate that in this 
welded construction and under the par- 
ticular conditions imposed these members 
participate fully in the longitudinal stress- 
ing of the main structure. 

Values of observed longitudinal stresses 
over the main test section are compared 
in Figs. 18 and 19 with those calculated 
on the usual assumptions. 

The section modulus adopted included 
all continuous material, i.e., the longitu- 
dinals on the bottom and deck, the 
stringers on the ship’s sides, the center 
line girders and the longitudinal bulk- 
heads, A deduction was made for two 
hatchways abreast on the upper deck, but 
none for rivet holes. The particulars are 
I, 469,600 in.? X ft.?; yy above base, 17.05 
ft. 


TABLE IV 
VARIABLE LOADS 
Loads in Tons 
Condition $ 7 
Compertmnant i DD. 
Aft peak + F.W. tank 63 47 
Cross bunker 67 54 
No. I cargo tank — 1,470 
No. 2 cargo tank 1,340 1,341 
No. 3 cargo tank 1,070 1,225 
No. 3 cargo tank 275 275 
No. 4 cargo tank _ ane 
No. 5 cargo tank 1,785 1,785 
No. 6 cargo tank 622 1,355 
No. 6 cargo tank 93 280 
No. 7 cargo tank 424 1,280 
No. 8 cafgo tank 940 942 
No. 9 cargo tank 850 1,040 
Fore peak tank a 137 
Total on ” 7,529 11,231 
Draught amidships .. 20 ft. 34 in. | 26 ft. 0 in. 
Trim by stern 2 ft. 93 in. 1 ft. 04 in 
Displacement as ae 12,007 15,709 
Calculated B.M. on test 
fr. 884 (ft.-tons.) .. ale 4,700 3,500 
Maximum shearing force (tons 776 982 
Calculated maximum deflec- 
tion (inches) ‘ 0-74 0-13 
TABLE V 
Axial .. se 5:7 8-3 
Local bending 21 13:3 
Total 4-7 16 9 21-6 
828-s 
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Fig. 14—Positions of Strain Gages 


A measure of agreement is indicated 
justifying some confidence in the conven- 
tional methods of assessing longitudinal 
strength of the hull girder by beam theory. 
Attention is, however, drawn to the stress 
concentrations at the hatchway—already 
referred to—and also to the behavior of 
the longitudinal bulkhead. In marked 
contrast to the side shell, where the distri- 
bution closely follows the theoretical, the 
stress in this bulkhead, clear of its connec- 
tions to the deck and shell plating, falis 
off sharply, the bulkhead apparently dis- 


torting sufficiently to shirk the direct 
stresses which would otherwise be set up. 


Deflections of Hull Girder 


Deflections produced by the changes of 
loading were measured by three independ- 
ent methods, viz., by theodolite, by water- 
level tubes and by observing the draughts 
forward, aft and amidships. The first 
method, by theodolite, was the most ‘ 
readily applied and also the most accurate. 

The results obtained by water-level tubes 
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were reasonably good, and the observation 
of the draughts provided a useful check. 

The range of observed deflections is 
plotted in Fig. 20, on which are also shown 
curves calculated by double integration 
of the B.M. curves. These latter values 
include the deflection due to shear as well 
as due to bending. 

The results are tabulated in Table III, 
together with those calculated excluding 
shear. 

The evaluation of the two factors in the 
product, modulus of elasticity by moment 


ve 
past 
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BE 


of inertia, to relate calculated to observed 
deflections has aroused interest and 
speculation over many years. A short 
précis of work on the subject is given in 
Appendix I. 

In the present case the modulus of 
elasticity has been taken as 13,333 tons 
per square inch, for reasons already given. 
For integration of the B.M. curves, values 
of transverse moment of inertia varying 
throughout the length of the ship have 
been adopted, their basis of computation 
being as described in the previous section. 
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It will be seen from Fig. 20 and the 
above table that the observed range of de- 
flections, on which there is a reasonable 
agreement between the three methods of 
measurement adopted, is about 10% less 
than that calculated on the above basis, 


including shear. It may be pointed out, 
however, that if the material in way of the 
hatchways is included, the calculated de- 
flection would be reduced by about 3%. 
Furthermore, no allowance has been made 
in the computation for the influence of the 
deck erections, which in the case of the 
bridge may be appreciable. A small reduc- 
tion in radius of curvature amidships 
might result in an appreciable decrease in 
over-all deflection. 

These desirable refinements in calcula- 
tion are rendered difficult at the present 
state of knowledge, but the results show 
that within the limits of experimental 
error, a reliable estimate of still-water de- 
flections in this welded ship within the test 
range is given by beam theory, using the 
accepted value of modulus of elasticity for 
steel and a moment of inertia which in- 
cludes all continuous longitudinal mate- 
rial, although there may be good reason for 
omitting the central portion of the wing 
bulkheads. 


Change of Stress in the Main Structure 
Due to Increased Draught 


The various loading conditions imposed 
on the ship necessarily involved difference 
in draught at the test section. To observe 
the changes in stress in the bottom shell 
plating resulting from increase in draught 
alone, a neutral deep draught condition 
was included for comparison with the com- 
paratively shallow draught neutral condi- 
tion No. 5 of the main experiment. The 
neutral deep draught condition is No. 7, 
particulars of which are given, together 
with those for No. 5 condition, in Table 4. 
It will be noted that the applied bending 
moments are practically the same. 

It will be observed that the difference 
in draught is 5.7 ft. Local bending stresses 
set up in the bottom by this change of 
draught are shown in Figs. 21 and 22, and 
the corresponding heart of plate direct 
stresses, both longitudinal and transverse, 
in Figs. 23 and 24. The resulting heart of 
plate stresses averaged about 1 ton per 
square inch—rather higher than would be 


expected. 
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Fig. 17—Distribution of Longitudinal Stresses Over Test Section 
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Fig. 21—Neutral Deep Draught; Distribution of Longitudinal Local Bending Stresses 
Over Test Section Stresses Caused by Change from Neutral to Neutral Draught 
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Stresses Due to Variations in Temperature 


During the tests an investigation was 
made of the stresses set up by unequal 
temperature distribution throughout the 
structure, the hull being subjected to load- 
ing closely similar to the maximum hogging 
condition No. 4, the particulars of which 
are given in Table I 
— To measure temperatures, mercury ther- 
mometers and a system of thermocouples 
were used, the latter proving the more 
satisfactory. The cold junction of the 
thermocouples was fitted to the bottom 
plating in contact with the sea, so that 
the readings obtained recorded the differ- 
ence in temperature of any part above the 
temperature of the bottom. 

Figure 25 shows the various recording 
points at which mercury thermometers 
and thermocouples were situated The 
records of temperature differences are 
shown in Fig. 26. 

In the morning of the day on which these 
tests were made the sun was concealed by 
a mist which did not disperse till noon, up 
to which time the ambient temperature 
remained steady at about 60° F. and 
showed little change. Thereafter the tem- 
perature rose rapidly to about 90° F., and 
then fluctuated for some hours between 
80 and 90° F. until about 5 P.M., when the 
sun became obscured and the temperature 
began to drop at a fairly steady rate. For 
some time the internal temperatures con- 
tinued to rise, but these in turn started to 
descend at a steady rate, although more 
gradually than the deck. By 9 P.M. the 
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Fig. 23—Neutral Deep Draught; Distribution of Longitudinal Stresses Over Test Sec- 
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deck had cooled to the temperature of the 
center line deck girder and longitudinals, 
but was still 10° F. warmer than the steel- 
work in the bottom. 

As the deck, with its longitudinal stif- 
feners, expands on a rise of temperature, 
while the bottom, being in contact with the 
sea, is hardly affected, the result is to pro- 
duce a longitudinal curvature in the ship. 
The resulting hogging deflection is shown 
in Fig. 27, which indicates that the deflec- 
tion of the ship’s girder is roughly propor- 
tional to the difference in temperature be- 
tween the deck and the bottom. This de- 
flection amounted to 1.6 in. for a differ- 
ence of 30° F. 

The theoretical method of estimating 
temperature stresses described in a paper 
by C. Hurst,* has been applied to the case 
of the maximum difference in temperature 
noted, ie., between the conditions at 
9.30 A.M. and 3 P.M. 

The results are given in Fig. 28, in which 
will be noted the line of ‘‘virtual tempera- 
ture.” Since thermal strains are propor- 
tional to temperature, it is convenient to 
think of the linear strains which are im- 
posed during bending in units of tempera- 
ture. It is thus possible to obtain a ‘‘vir- 
tual temperature’’ straight line, which 
gives in fact the temperatures which 
would be required to bring the ship into 
the same conditions of bending without 
inducing any stress. The differences be- 
tween the actual temperature and the 
“virtual temperature”’ at any point can be 
converted into strain and hence into 
longitudinal stress. 

Observations from the gages fitted on 
the center line deck girder and shielded 
from direct solar radiation, are in close 
agreement with the theoretical values. 
The readings, however, from the short- 
base gages on deck are probably influenced 
by local bending effects, and in the case 
of the long-base gages, by these being 
partly in shadow. 


Heart of plate stresses in the deck of the 
order of 1 ton per square inch for a dif- 
ference of 30° F. in temperature between 
bottom and deck appear to have been in- 
duced, indicating that the effects of dif- 
ferential expansion should not be neglected 
in experiments of this nature. 


The range of temperature during the day 
on which this investigation was made was 
far in excess of that on any other day 
during the tests. It is therefore not likely 
that changes in temperature influenced to 
any appreciable extent the results obtained 
for other conditions of loading. 


Local Bending Stresses 


The stresses due to local bending alone 
derived from strains observed in the plat- 
ing at the main test section during the hog- 
sag cycle, and assessed by means of the 
ball gages, are shown in Figs. 29, 30, 31 
and 32. These, as would be expected, fol- 
low generally a wave pattern correspond- 
ing to the spacing of the longitudinals, and 
are small in value, with the marked ex- 
ception of the bottom shell panel just out- 
board of the longitudinal bulkhead. 


* “Deflection of Girders and Ship's Structures— 
— on Temperature Effects” Trans. I.N.A. 
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Fig. 24—Neutral Deep Draught; Distribution of Transverse Stresses Over Test Section; 
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ange from Neutral to Deep Draught Neutral; Local Panel Bend- 


ing Stresses Have Been Eliminated 


Behavior of Panel in Bottom Shell 
Immediately Outboard of Longitudinal 
Bulkhead 


The general system of longitudinal 
framing at the bottom provides plating 
panels of dimensions 10 ft. 6 in. in the 
fore and aft direction by 2 ft. 6 in. to 2 


ft. 9 in. in breadth. Due to the end con- 
nections of the stiffeners on the longitu- 
dinal bulkheads, the bottom panels imme- 
diately outboard of these bulkheads are, 


q 
%o 40 sor 
EXCESS OF AVERAGE DECK TEMPERATURE 
OVER 


AVERAGE BOTTOM TEMPERATURE 


Fig. 27—-Hogging Deflections Caused by 
Temperature Differences 


in contrast, only 2 ft. 7'/, in. fore and aft, 
but 5 ft. in breadth (see Midship Section, 
Fig. 2). It was observed early in the 
tests that the deflection of these transverse 
panels was much greater than expected, 
and this led to a detailed investigation 
being carried out on the two panels be- 
tween frames 87 and 89 

The first thorough survey of this area 
was made at a draught of 10.94 ft., the 
hull being subjected to a hogging bending 
moment of 100,000 ft.-tons. The con- 
tours of the plating relative to a plane 
passing through the four corners of the 
double panel showed that the deforma- 
tions of the two individual panels are con- 
siderably different from each other (Fig. 
33). The deflection in the panel between 
frames 87 and 88 amounted to '/, in. in the 
100,000 ft.-ton hogging bending condition 

Figure 34 shows the correlation of the 
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See Fic. 25 for location of measurement points. 
Fig. 26—Temperature Cycle; Differences in Temperatures 
Recorded 
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Fig. 28—Theoretical Temperature Stress Distribution Over Test Section; Temperature 


Values Plotted Are Based on Difference pr Temperatures Recorded at 9:30 A.M. 


and 3:00 P 
TABLE VI 
VARIABLE Loaps 
Loads in Tons 
Neutral im Hog-Long. Bhd. Bending Test 
Iv 4 Full 4 Full | i Full | Full 
Aft peak + F.W. tank. 42 60 60 60 60 
Cross Bunker be o> ee a 50 37 37 37 } 37 
No. l cargotank .. 1,731 1,731 1,731 1,731 
No. 2 cargo tank .. 1,341 451 451 451 451 
No. 3 cargo tank .. os we 893 26 51 71 | 92 
No. 3 cargo tank .. 209 9 18 26 33 
No. 4 cargotank .. wa 550 137 277 414 550 
No. cargotank .. 1,480 108 217 325 430 
No. 6cargotank .. “a oe 622 
No. 6 cargotank .. oe oe 93 
No. 7 cargotank .. es ab ii 425 425 425 425 425 
No. 8 cargotank .. wis ae we 942 1,878 1,878 1,878 1,878 
No. 9 cargo tank .. ve 33 ae 851 1,093 1,093 1,093 1,093 
Fore peak tank ee 137 _ 
Total .. ‘a “x ae 7,635 5,955 6,238 6,511 6,780 
Draught amidships . . os os ee 20 ft. 6 in. 17 ft. 94 in. 18 ft. 3 in. 18 ft. 8 in. 19 ft. 14 in. 
Trim by stern ee O ft. 10§ in. 
Displacement - ve ce oe 12,113 10,433 10,716 10,989 11,258 
Calculated B.M. on Test €. fr. 88} (ft.-tons) 6,200 146,300 137,800 127,100 117,600 
Maximum shearing force (tons) .. ne 638 1,696 1,641 1,586 1,532 
Calculated deflection of ship (inches) .. 0-78 5-24 4-92 4-65 4:10 


longitudinal stresses with the eccentricities 
of the plating for the section across the 
middle of this panel, parallel to the center 
line of the ship. Curve No. 1 on the left- 
hand diagram shows the eccentricity of 
plating as at first surveyed. Number 2 
shows the extra deflection caused by 
adding 58,000 ft.-tons bending moment, 
and No. 3 the effect of 6.39 ft. of increased 
draught. The final curve No. 4 shows the 
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deduced deflection assuming the survey 
to have been made in a maximum hogging 
condition at a draught of 17.33 ft. 

In the right-hand diagram, curve la 
shows the stress due to change of draught, 
this being small. Curve 2a shows the 
stresses obtained from observed strains: 
a small correction has been made to elimi- 
nate the effect of change of draught as 
given in la, so that 2a shows only the 
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stresses due to the buckling of the plate 
under axial force. The point at which 2v 
crosses the zero stress axis gives the posi- 
tion of the point of contraflexure, through 
which the “‘line of thrust” has been as- 
sumed to pass. 

Transferring this point of contraflexure 
to the left-hand diagram, and projecting 
upward to intersect curve 4, gives the 
vertical position of the line of thrust, from 
which the eccentricity at any point can be 
measured. These eccentricities multiplied 
by the value of the thrust derived from 
the longitudinal stresses previously found, 
give the bending moment due to the thrust. 

The stress values derived from these 
bending moments are plotted in curve 3a, 
which agrees closely with curve 2a, indi- 
cating that the high stresses observed in 
this panel were due to buckling of the 
plating resulting mainly from the longi- 
tudinal thrust under hogging conditions. 

It will be seen from Fig. 35 that under 
a hogging stress, appreciable permanent 
set took place in this panel of plating. 
From Fig. 36, where the strains due to exw h 
of the two sagging conditions are shown, it 
will be noticed that the second application 
of the sagging moment produced consider- 
ably higher strain than the first applica- 
tion. This is reasonable, since the eccen- 
tricity of the plating in relation to the line 
of stress was greater in the second sag con- 
dition than in the first, due to the perina- 
nent set referred to above, produced by the 
intervening hogging condition. 

The range of stress from hogging to 
sagging at the surface of the plating in the 
center of the panel is made up as shown 
in Table V. 


Behavior of Panel in Bottom Shell in Way 
of Longitudinal Framing 


The panel of plating chosen for this in- 
vestigation was in the wing tank about 
midway between the longitudinal bulkhead 
and the side shell, its dimensions being 2 
ft. 6 in. between the longitudinals and 10 
ft. 6 in. between the transverse floors. A 
complete series of readings was taken in 
each of the first set of conditions of loading, 
and it was found that the stresses caused 
by the bending of the plate were of the 
order of 1 ton per sq. in. in the most ex- 
treme case. Plate II shows the general 
layout of the ball gage positions between 
the longitudinals in this particular case, 
and is typical of the arrangements made 
for other investigations on local bending 
of plating. 


Deflections in Transverse Bulkheads 


This investigation was limited to the 
center portion of the transverse bulkhead 
separating Nos. 4 and 5tanks. The struc- 
tural arrangement of the bulkhead under 
test is shown in Fig. 37, in which the 
positions of the five deflection wires are 
indicated. The readings were all taken in 
way of the vertical stiffeners, and local de- 
formation of the plating is not included in 
the results. , 

The deflections produced by flooding one 
side are shown in Fig. 38. While the 
general behavior is such as would be an- 
ticipated, the negative deflection at the 
lower end of the stiffener at center line is 
of special interest, and may be explained 
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LONGITUDINAL BULKHEAD 


BOTTOM SHELL 
PLATING 


ECCENTRICITY OF 
PLATING 


LINES JOINING 
FEET OF BRACKETS 


Fig. 33—Perspective View of Double Panel 
Showing Buckling of Plating Exaggerated 


by the reaction from the deep bracket to 
the center keel girder under load in No. 5 
tank as shown in Fig. 39. 


Stresses on Plating of Starboard 
Longitudinal Bulkhead 


The first stage of this investigation was 
to determine the behavior of the longi- 
tudinal bulkhead plating under the action 
of longitudinal forces due to hogging or 
sagging. Subsequently the stresses re- 
sulting from hydrostatic pressure caused 
by flooding the wing tank were examined, 
first with the ship in neutral condition, 
No. 8, and then in the hogging conditions, 
Nos. 10, 11, 12 and 13 in Table VI. 

It will be noted that the second flooding 


was carried out in quarter stages. Read- 
ings were taken at each stage. 
The local bending stresses, with the 


wing tank empty, due to sagging and hog- 
ging, are even in Fig. 40, which shows the 
values of the stresses at different positions 


in the height of the panel. It will be noted 

that these are not exceptional, but that the 
effect of the blanked access door is to create 
considerable local stresses at the boundary 
of the access door. Deflections of the 
plating under the same loading conditions 
are shown in Fig. 41. Station E on this 
diagram represents the panel of bottom 
shell plating adjacent to the vertical keel 

The character of the curves is, to some ex- 
tent, indeterminate, but the general be- 
havior of the plating in the two conditions 
is as might be expected. The deflections 
for position D, namely, 0.012 in. in sagging 
condition and 0.027 in. in hogging, are, 
however, somewhat surprising in view of 
the close proximity to the directly welded 
connection to the bottom shell. The de- 
flections in general seem large, and this 
adds to the belief that the comparatively 
light plating of these longitudinal bulk- 
heads falls away to some extent when 
called upon to contribute in resisting the 
bending of the hull as a girder. 

The stresses and the deflections derived 
from the records made during the flooding 
conditions in Table 6 are shown in Figs. 
42 and 43. For the neutral bending con- 
dition No. 8, with the wing tank flooded, 
the stresses are given in Fig. 44, and the 
deflections in Fig. 45. 

There is reasonable agreement between 
the deflections recorded in Fig. 45 with 
the theoretical values. The recorded figure 
at C, for example, is 0.120 in., the calcu- 
lated value assuming an infinitely con- 
tinuous panel being 0.108 in. 

Comparison between the individual 
curves in Fig. 43, showing the readings 
taken with the tank '/,, '/s, */, and filled, 
indicate elastic behavior of the material. 

An examination of the lowest panel of 
plating between frames 88 and 89 was 
made by the use of ball gages, under the 
same series of main bending conditions 
referred to above. Plate III shows the 

measuring instruments in position on the 
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bulkhead, from which it will be seen that 
a specially detailed examination was made. 

An analysis of the results showed that, 
due to the hogging moment alone, the 
maximum local bending stress induced in 
this panel of plating was about 5 tons per 
sq. in., while that due to flooding alone 
with the ship in neutral condition was 17 
tons per square inch. 

Observations of the deflection of the 
bulkhead plating over the length of the 
tank were made by means of stretched 
wires. 

It will be seen from Fig. 46 that, under 
the action of compressive loading, the 
plate buckled in curves of wavelength 
equal to twice the stiffener spacing, while 
under water pressure (Fig. 47) the curve 
had a wavelength equal to the stiffener 
spacing. The observed values of deflection 
due to filling the tank while the vessel is in 
the hogging condition are shown in Fig. 48 
compared with the calculated deflection 
obtained by using the principle of super- 
position. This latter curve is not in agree- 
ment with the observed deflection, and 
therefore confirms the other results ob- 
tained from investigations on this longi- 
tudinal bulkhead, namely, that the sepa- 
rate effects of hogging and flooding cannot 
be combined algebraically to determine 
the effect of applying these loads at the 
same time. 


Local Concentrations of Stress 


A small number of strain gages were 
fitted in the area at the after break of the 
bridge on the port side. The positions of 
these gages, together with the results ob- 
tained are shown in Fig. 49 and Plate IV. 
Strains about 50% greater than those in 
the deck under the main hog-sag cycle 
were recorded, but gage readings did not 
indicate that plastic flow had occurred 

At the bulwark rail, and also in way of 
the small hatchway on the wing tank, 
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DEFLECTION WIRE“C” 


DEFLECTION WIRED. 


STARBOARD LONGITUDINAL BULKHEAD 


DEFLECTION WiRE“E™ 


Fig. 37—Deflection Wires on Transverse Bulkhead 
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Fig. 39—Negative Transverse Bulkhead 
Near 


1946 


stress concentration factors of approxi- 
mately 1.25 and 1.60, respectively, were 
observed, but an insufficient number of 
gages were fitted to permit of accurate sur- 
veys at these parts. 


Conclusions from Tests 


From the investigations on this welded 
hull girder, the following conclusions 
may be agreed as being applicable within 
the limits of the test conditions imposed: 

1. Observed over-all deflections and 
stresses derived from measured strains 
indicate that the ship’s structure behaves 
as an elastic girder. Beam theory may be 
accepted, adopting a value of about 13,333 
tons per square inch for Young’s modulus, 
and including all longitudinal stiffening 
material in the moment of inertia of the 
structural cross-section. 
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PORT LONGITUDINAL BULKHEAD 
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Fig. 38—Deflecticn in Transverse Bulkhead; Loading as in 


Sketch 


2. Measured deflections of the hull 
girder are slightly less than those com- 
puted for combined bending and shear; 
the possible influence on stiffness of the 
deck erections has, however, been ignored 
in the computations. 

3. Stress distribution on the vertically 
framed and relatively lightly plated longi- 
tudinal bulkheads shows less agreement 
with theory than elsewhere in the struc- 
ture. 

4. Longitudinal stresses in the longi- 
tudinal stiffening members approximate 
closely to those in the associated plating. 

5. Transverse stresses are developed 
of an order of 20° of the corresponding 
longitudinal stresses at the deck and bot- 
tom plating. 

6. Temperature differences of 30° F. in 
the structure result in over-all hull deflec- 
tions about one-third the values of those 
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Fig. 40—Main Hogging and Saggi 

Cycle; Starboard Longitudinal Bulkboa: 
Local Bending Stresses as Measured by 
Mushroom Strain Gages; Wing Tank Empty 


observed during the main hogging condi- 
tion, associated with appreciable stresses 
in the deck plating. 

Effects observed in certain strtctural 
localities include the following: 

1. Stress concentrations have been re- 
corded at structural discontinuities at 
hatchways and the break of bridge. The 
localities have, however, not been studied 
in sufficient detail to permit close assess- 
ment of these concentrations. 

2. High local bending stresses and de- 
flections, related to initial deflection in the 
plating, have been observed in panels hav- 
ing their lesser dimensions in the fore and 
aft direction in the following positions: 


(a) Ata panel of the bottom plating im- 
mediately outboard of the longi- 
tudinal bulkhead, where local 
plastic yielding was observed dur- 
ing the main loading cycle. 

(b) In the lower part of the longitu- 
dinal bulkhead plating, where 
high results were recorded due to 
hydrostatic pressure alone, and 
also when combined with the ef- 
fects of axial thrust in the hogging 
condition. 


3. The local bending stresses referred 
to in (2) are considerably in excess of the 
heart of plate stresses in these panels, in- 
duced during hogging and sagging in the 
main loading cycle. 

The value of the above conclusions will 
be considerably enhanced when the results 
of the investigation on a similar riveted 
tanker become available for comparison. 
The behavior, for example, of the trans- 
versely stiffened panels in the riveted 
hull structure should prove of particular 
interest. It should be mentioned that 
many tankers of this type of construction 
have been built and have given fully satis- 
factory performance in service. Similar 
analyses of structures having transverse 
framing, inner bottoms and between 
decks are obviously desirable. It is hoped 
that these will shortly be undertaken. 

While these investigations generally 
support the conventional methods of esti- 
mating hull strength, they have also indi- 
cated the importance of additional compre- 
hensive study of the behavior of individual 
components and localities in the complex 
structure of ships, particularly those sub- 
ject to stress concentrations. 

The success of further work on these lines 
is largely dependent upon developments 
in suitable experimental equipment, but 
the experience already gained gives good 
grounds to anticipate that improvemeat 
in structural design will be accelerated 
by these and other full-scale strength in- 
vestigations now in hand or envisaged for 
the future. 


Fig. 41—Main Hogging and Sagging 

Cycle; Starboard Longitudinal Bulkhea 

aud Bottom; Deflections as Measured by 

Bending Deflection (Dial) Gages; Wing 
Tank Empty 


F 
q By 
\ 
- 
3 
DECEMBER 


SKETCH OF LOADING IN STAGES 
‘OVERLAP OF ACCESS DOOR 


© 


© 


KEY PLAN 
R'D 
A 4 
1-10 2 
0 
2 


CONDITION WITH TANK % & % FULL 


a 


STRINGER 


| (COINCIDENT 


STRESSES IN TONS/ 


6 
0 
2 2 a. \: © 
STRINGER, DENOTES READINGS WITH WING TANK FULL 
” ” ” ” 
a ” ” ” ” » FULL 
6 6 


STRESSES IN TONS 


7 won 


SCALE 
Nore. 


FRB? RBS 
3 3 9 INCHES 
HORIZONTAL SCALE 


+VE STRESS INDICATES TENSION ON CENTRE. TANK SIDE OF PLATING 
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Strain Gages Effects Due to Flooding Wing Tank in Stages with Ship in Hogging 
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Personnel 


The program of experiments formulated 
by the Admiralty Ship Welding Sub- 
committee was carried through by a tech- 
nical staff from the Admiralty. The de- 
velopment, installation and operating of 
the equipment was in the hands of a work- 
ing party from the Department of Scien- 
tific Research and Experiment led by 
F. B. Bull. 

The laborious analysis of results and 
associated hydrostatic calculations for the 
final report were undertaken by this work- 
ing party in cooperation with a small 
staff from the Department of Merchant 
Shipbuilding, all of whom have served 
the Committee unsparingly and with 
outstanding ability and enthusiasm (Ap- 
pendix IT). 
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Appendix I 


Bibliographical Note of Investigations Into 
El Values 


In 1894 Read and Stanbury' compared 
the deflection in still water of two cargo 
ships with calculated values derived from 
double integration of the bending moment 
curve. To reconcile observed with calcu- 
lated results the following values of E were 
taken: 


347-ft. ship, sagging condition, E = 
11,300 tons per square inch 

300-{t. ship, sagging condition, E = 

2,350 tons per square inch. 


No deduction was made for rivet holes in 
the moment of inertia of the section. 
Robb? referred to these results in an in- 
quiry into the deflection due to shear 
Biles, in analyzing the Wolf experi- 
ments,’ found that for correlation between 
observed and calculated results, E values 
of 9,300-11,950 tons per square inch were 
necessary, an allowance being made for 
rivet holes in the moment of inertia, which 
included all longitudinal material. These 
results were re-examined by Hoffmann*: * 
and by Schnade.* In both cases the E 
value was increased and correlation 
achieved; Hoffman used an E value of 
14,000 tons per square inch, and Schnadel 
13,500 tons per square inch. The method 
adopted was to take account of the reduc- 
tion of moment of inertia due to buckling 
and deflection of the light plating used in 


Fig. 43—Starboard Longitudinal Bulkhead; 
Deflections as Measured by Bending De- 
flection (Dial) Gages; Effects Due to Flood- 
ing Wing Tank in Stages with Ship in 
Hogging Condition 
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Fig. 44—Starboard Longitudinal Bulkhead; Stresses as Measured by Mushroom Strain 
Gages; Effects Due to Flooding Wing Tank with Ship in Neutral Condition 
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Fig. 45—Starboard Longitudinal Bulkhead; Deflections as Measured by Bending 
Deflection (Dial) Gages; Effects Due to Flooding Starboard Wing Tank with Ship in 


Neutral Condition 
the construction of the ship. Schnadel The temperature effect on the deflec- 
aiso took account of the deflection due to tion of the Wolf was investigated by 
shear. Hurst,’ but owing to absence of data a 
842-s WELDING RESEARCH SUPPLEMENT 


correction to E value was not suggested. 

In investigations on the destroyers 
Preston and Bruce,’ Kell included in the 
moment of inertia all continuous material 
without deduction for rivet holes. It was 
found that if allowance was made for 
serious buckling of light plating, and for 
deflection due to shear, the observed de- 
flection was proportional to the bending 
moment, within the range for which the 
ship was designed; and that the E value 
for the structure as a whole was the same 
as that for its component material, viz., 
13,000 tons per square inch. 

Account was taken of the influence of 
temperature by making tests during hours 
of darkness when the deck temperatures 
were fairly constant, and by correcting 
strain gage readings for changes of tem- 
perature. 

From hogging and sagging tests recently 
carried out in the U.S.A.° on a welded 
tanker and on ore carriers of combined 
riveted and welded construction, it was 
concluded that longitudinal stresses and 
hull girder deflections are in reasonable 
agreement with values calculated on beam 
theory, discrepancies being generally 
within the limits of experimental accuracy. 
(An E value of 13,400 tons per square inch 
is understood to have been adopted, all 
continuous material being included in 
moment of inertia.) 
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Introduction 


HE determination of residual weld stress by the 
relaxation method with electrical resistance strain 
gagest attached to the weld surfaces involves the 
measurement of the changes in strain of the surface 
layers of the weld. Consequently, the conversion of 
strain into stress gives the results in terms of changes 
in surface stress. Inasmuch as the temperature distri- 
bution in a cooling weld is by no means a simple relation, 
it follows that the residual stresses and the corresponding 
residual strains, which depend on the strength-tempera- 
ture conditions during cooling, will vary considerably 
with respect to the plate or weld thickness direction. 
In order to better interpret the residual weld stresses 
as measured with surface gages in terms of the strain 
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Electrode: Linde No. 36, i" 
Unionmelt Flux No. 20-200 


Voltage: 32 volts 

Current: 1050 amps 

Speed of arc travel: 12-13 in./min. 
Details: Pass l, 


Flame gouge back side, 
Pass 2. 


Fig. 1—Standard Unionmelt Welding Procedure 


Variation of Longitudinal Residual 
Strain Through the Thickness of a 
1-In. Unionmelt Weld 


By J. L. Meriam,* Finn Jonassen* and E. Paul DeGarmo! 
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Fig. 2—Details of Panel and Specimens for Determining Plate 

Thickness Effect on Longitudinal Strain Distribution in 1-In. 
Unionmelt Weld 


condition in the interior of the weld, a series of tests were 
conducted. The experiments were aimed at finding the 
total longitudinal relaxation for material in the center 
of the weld and the corresponding relaxation for the 
surface layers of the weld. 


Procedure 


Two 1-in. plates, 2 x 3 ft., were welded by Unionmelt — 


along their 3-ft. edges. The edge preparation and weld- 
ing details are given in Fig. 1. The test section was 
chosen from the middle of the weld as shown in Fig. 2 (a). 
After the welding was completed the weld was prepared 
for gages 1, 2, 3, 4, top and bottom. Gages 1 and 4 
were longitudinal and of Type A-I with **/-in. gage 
length. Gages 2 and 3 were transverse to the weld and 
were Type A-5 with '/,-in. gage length. In addition to 
the electrical gages, two No. 000 taper pins were placed 
in the weld as shown in Fig. 2 (d). The pin holes were 
first drilled, then reamed and finally counter drilled to 
leave a '/s-in. land in the center of the weld in which each 
pin would seat itself. 

A special clip gage, Fig. 3, was constructed for measur- 
ing the changes in distance between the taper pins, top 


844-s 


oy 
an 
pi 
ay 
th 
tc 
if 
t 
3 il 
1 
i 
| ap 
o 40 


| 


GAGE TOP BOTTOM 


TO FIT GROOVE IN #000 TAPER PIN 


between the pins. Clip gage readings were made after 
each pair of cuts but not until the specimen had reached 
room temperature. Account was taken of the decreased 
effective gage length as slicing progressed due to the angle 
of approximately 30° made by the shaper tool, Fig. 4 (a). 

The plug containing gages 3 and 4 was split in the 
middle on a Doall saw thus separating the top and the 
bottom gages. Each half was next separately reduced 
in thickness on the shaper with light cuts and clamping 
pressures until a thickness of approximately 0.080 in. 
was reached. Further reduction was accomplished with 
a Doall file until the specimen became so thin (0.010 in.) 
that the restraint due to the gage glue influenced the 


t 
| — 3" = 


ANIFE EOGES MADE IN GROOVED ENDS 
Fig. 3—Clip Gage 


and bottom. The clip had notched ends with knife 
edges which fitted into grooves made in the ends of the 
pins. Two strain gages which‘were cemented on oppo- 
site sides of the clip were connected in series to increase 
the sensitivity of the device. Calibration was first 
made with respect to strain and secondly with respect 
to temperature. The strain coefficient was constant 
over a range of actual strain of 14,000 microinches per 
inch. One microinch per inch read on the strain indica- 
tor corresponded to 15.3 microinches per inch actual 
strain between the pins. When mounted on the pins 
the strain sensitivity was about +30 microinches per 
inch actual strain with careful indicator observation. 
For successive removal and application of the clip, read- 
ings could be reproduced to within +30 microinches per 
inch actual strain. 

Initial readings were taken on all gages in the as- 
welded condition before the test section, Fig. 2 (0), was 
drilled out. Further subdivision was accomplished as 
shown in Fig. 2 (c). The specimen containing the taper 
pins was reduced in mid-section, Fig. 4 (a), by means of 
a shaper. Light cuts transverse to the weld direction 
were taken until the thickness, ¢, of the central web was 
0.205 in. The width of the web was then reduced to 
0.427 in. with no further measured change in the length 
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Fig. 4—Specimen Slicing Details (Reduced One-Half in Repro- 
duction) 


1946 


RESIDUAL STRAIN IN THICK PLATES 


b fr 
TYPE GAGE 


\ 
DOALL FILE 
LU 

OOALL FILE PREDOMINATES 
T 


8 


(+ = ELONGATION) 


CHANGE IN GAGE READING 
MICRO INCHES/IN 


| 
20 | | | 
| 
| | | | 
THICKNESS ¢ INCHES 
Fig. 5—Effect of Doall File and Thinness of Section on Gage 


Reading 


bending of the remaining section. Strain readings were 
taken on the longitudinal gage of each specimen after 
room temperature was reached following appropriate 
increments of thickness reduction. 

In order to determine the effective minimum thick- 
ness for reliable relaxation readings with the method em- 
ployed, a small completely annealed block of steel with 
attached strain gage (Fig. 5) was made with the same 
approximate dimensions as the gage plugs. This block 
was reduced in thickness by a Doall file in the same manner 
as that employed for the weld specimens to determine the 
thickness where the gage began to show appreciable 
change. 


Results 


The longitudinal relaxation strain for the middle of 
the weld as a function of the specimen web thickness 
was found from the change in dimensions between the 
taper pins for the specimen of Fig. 4 (a), and the results 
are shown in Fig. 6. The strain values represent the 
average of pin readings for both top and bottom sides, 
so that any large error due to bending of the pins is re- 
moved. The relaxation due to cutting the specimen 
from the weld, Fig. 2 (c), was 1550 microinches per inch 
and that due to removing the top and bottom layers 
from the specimen (Fig. 4 (a), dotted lines) was an 
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additional 510 microinches per inch, making a total of 
2660 microinches per inch for the complete relaxation of 
the center of the weld. 

The surface strain relaxations as determined by gages 
3 and 4 (Fig. 2) are shown in Fig. 7. Initial relaxations 
of 1500 and 1410 microinches per inch were measured 
for top and bottom, respectively, due to the removal of 
the plug, Fig. 2 (c), from the welded plate. Due to 
splitting and slicing, the readings indicated a progressive 
elongation of the gages as shown in Fig. 7. The final 
surface strains (relative to the as-welded state) when 
extrapolated to zero specimen thickness are 500 and 700 
microinches per inch elongation, top and bottom, re- 
spectively. Thus, since the two surface layers were 
prevented from elongating while still in the as-welded 
condition, an initial state of compression existed on the 
two outer surfaces of the weld. 
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Fig. 6—Relaxation Strain in wie Surface of 1-In. Unionmelt 
e 


From the foregoing results the approximate picture of 
longitudinal residual strain as a function of the weld 
thickness could be determined. The results are shown 
in Fig. 8 where the dotted curve represents the as- 
welded strain condition, and the dash-dot curve re- 
presents the strain condition remaining in the plug after 
removal from the specimen. These curves were drawn 
with the constant strain values of 2060 and 510 micro- 
inches per inch over most of the weld thickness since 
from Fig. 7 it can be seen that the significant change in 
strain occurs near the outer surfaces. 

The values of surface compression of 500 and 900 
microinches per inch are admittedly subject to consider- 
able question as they were obtained by the unsatisfactory 
method of extrapolation in the region of rapid change. 
There may very well be a discrepancy of +200 micro- 
inches per inch. In addition, the grinding of the weld 
surface to permit placement of gages had a material 
effect on the surface condition. However, there seems 
little doubt of the general nature of the strain variation 
and that a state of mild compression, or at least low 
stress, existed on the weld surface. This situation 
should not be surprising when one considers the large 
difference in cooling rates between the weld surface and 
the interior of the weld. 


846-s WELDING RESEARCH SUPPLEMENT 


— 
———+—_ 
a Pues seut 
w 
a" 500 — T 
& |e 
oF | 
| | 
5: 
| | 
83 
310 | 
| 
1.2 1.0 6 4 2 re) 


THICKNESS OF PLUG UNDER GAGE,t, INCHES. 


Fig. 7—Strain Record of Gages on Plugs Split on Middle Plane 
and Sliced Toward Each Surface 


It can be seen from Fig. 8 that the average of the 
initial surface relaxations of 1500 and 1410 microinches 
per inch due to cutting the specimen as a whole from the 
plate, Fig. 2 (c), is very comparable to the average resid- 
ual strain (average of the dashed curve of Fig. 8) 
across the thickness in the as-welded condition. 

Due to the long gage length of 5 in. it is reasonable to 
neglect any change in strain occasioned by the drilling 
of the pin holes. Any effect is local and extends only 
for three or four hole diameters away from the pin. 

The results are left in the form of longitudinal residual 
relaxation strains since the strain conditions in the other 
two perpendicular directions were not known and would 
be needed for the computation of longitudinal residual 
stress. It seems highly probable that a condition of 
appreciable triaxiality may exist in the interior of the 
weld due to the differential cooling rates and geometry 
of the weld. Further investigation of this appears highly 
desirable. 

A more exact picture of the residual longitudinal 
strain distribution across the weld thickness could be 
obtained by a refinement in the experimental procedure 
and by relating the changes in surface strain to the in- 
crements of metal removed with the aid of the equations 
of elasticity. 
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Fig. 8—Longitudinal Strain Distribution Through Thickness for 
1-In. Unionmelt Weld 
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Conclusions 


1. The residual longitudinal strain as measured on 
the surfaces of a Unionmelt weld by the ordinary relaxa- 
tion method is the same within experimental error as 
the average residual strain over the weld thickness and 
hence can be used with reliability in computing the 
average condition of stress. 

2. The longitudinal residual strain in the center of 
the Unionmelt weld which was tested was 42% higher 
than the average of the surface longitudinal strains ob- 
tained by the usual subdivision method. 

3. The surface of the Unionmelt weld which was 
tested was in a state of low longitudinal compression in 
the as-welded condition. 

4. There i6 a considerable change in longitudinal 


residual strain through the thickness of a 1-in. Union- 
melt weld. 


This change is greater than the variation in 


longitudinal residual strain throughout the plane of the 
plate as determined by the average of top and bottom 
relaxation strains by the usual subdivision method. The 
longitudinal residual strain gradients are also much 
steeper through the weld thickness than elsewhere. 
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Discussion on “An In- 
vestigation of the Effect 


of Welding on the 


Transition Temperature 
ot Navy High-Tensile 
Low-Alloy Steels” 


By W. B. Brooks; . 


HE writer has learned to anticipate contributions 

from the Naval Research Laboratory with interest, 

if not impatience, and welcomes the opportunity 
to compliment the authors on this and previous work. 
As usual, the data are comprehensive and deeply interest- 
ing. The authors have steered clear of an attempt to 
analyze their data metallurgically, and, indeed, it is 
questionable if this is possible to a satisfactory degree at 
the present time. Nonetheless there are several points 
worthy of discussion. 

It is not stated whether the steels were normalized or 
hot rolled, a matter of the utmost importance in studying 
phenomena of this kind. It is hoped that the authors 
will make available data comparing the behavior of these 
or similar steels in the normalized and hot-rolled con- 
ditions. 

The notch sensitivity of unwelded plate is, to a large 
measure, controlled by the lattice strain created by vari- 
ous solute elements and, to a much greater degree, to the 
strain created by aging. It is now well known that sus- 
ceptibility to aging is related to such phenomena as the 
formation of Luders lines and high notch sensitivity. 
In the case of welded structures, there are superimposed 
on this problem the variables of hard transformation 
products including martensite and underbead cracking in 
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In previous contributions the 
authors and their associates have indicated the general 
relationship existing between maximum hardness and 


the heat-affected zone. 


ductility in the nick-bead bend test. Data on this point 
would greatly enhance the value of the present paper and 
assist in differentiating between notch sensitivity related 
to these causes and to inherent characteristics of the steel 
involving lattice strain. 

This discussor has generally observed that the notch 
sensitivity of structural steels containing aluminum or 
titanium or vanadium is much reduced by normalizing. 
In view of what is now known about the effects of solute 
carbon and nitrogen in phenomena of this king, it seems 
increasingly important to report titanium, aluminum and 
vanadium analyses as the acid-soluble amounts. Pre- 
sumably the figures given in the paper are for the acid- 
soluble amounts, but it is not so stated. Unfortunately, 
the literature of this kind, including the present paper, is 
almost completely devoid of nitrogen determinations, 
yet the amount of dissolved nitrogen present is extremely 
important as indicated by Work and Enzian, ‘‘i:ffect of 
Deoxidation on the Strain Sensitivity of Normalized 
Low-Carbon Steels,” Transactions A I.M.E., 162, p. 723 
(1945). Work and Enzian show that normalized alumi- 
num killed steels are much more resistant to strain aging 
than are silicon killed or rimmed normalized steels. They 
have identified aluminum nitride by X-ray diffraction 
methods as a constituent of their aluminum killed steels. 

Chipman, “Basic Open Hearth Steel Making,”’ 
AJI.M.E., p. 501 (1944), shows that titanium is an ex- 
tremely powerful nitride former. It is felt that in work 
of this kind efforts should be made tc determine the ex- 
tent to which the various addition elements have com- 
bined with nitrogen in the stage of heat treatment being 
studied. Solute titanium has a positive strengthening 
effect and an adverse effect upon low temperature notch 
sensitivity; whereas the reverse is true in the normalized 
condition in which most of the titanium present is pre- 
sumably precipitated as carbide and nitride. It is also 
known that aluminum, in addition to being a nitride 
former, affects the distribution of carbon, and there is 
reason to believe that the solubility of carbon in ferrite is 
reduced by aluminum, titanium and vanadium. 

The work of we and Gensamer, J ransactions 
AI.M.E., 158, p. 207 (1944), may be almost taken to prove 
that strain aging is primarily caused by carbon and nitro- 
gen. It would, therefore, be most desirable to supple- 


. ( 


ment investigations of this type with the distribution of 
carbon and nitrogen as affected by these three elements 
and by heat treatment. Unfortunately, this is also true 
of many related investigations concerning the brittle 
behavior of steel structures, and it is felt that more rapid 
progress in this field would be made if such factors were 
studied. 

The authors quote a conclusion reached in the second 
interim report of a board of investigation convened by 
order of the Secretary of the Navy to inquire into the 
design and methods of construction of welded steel mer- 
chant vessels, May 1, 1945: “. . . lack of notch tough- 
ness at low temperature and loss of strength and ductility 
under multiaxial stresses, of steels used in shipbuilding, 
is a prime factor in the failure of welded ships.” They 
state in their conclusions that several of the high-tensile 
steels and the one mild steel were adversely affected by 
welding, and that this phase of weldability is of immedi- 
ate concern to fabricators of welded structures such as 
bridges and ships which are suhiected to temperature 
variation and high constraint. It is unfortunate that 
this unqualified conclusion was presented as it was in the 
report referred to, because, in my opinion at least, the 
report actually pointed much more strongly at design 
defects, and the conclusion is weakened by the fact that 
we have no knowledge of the behavior of similarly de- 
signed and fabricated ships of notch-resistant material 
This and similar reports reveal that out of 4065 welded 
ships, ‘02 sustained potentially serious failures, and of 
these 23 sustained a complete fracture of the strength 
deck. The writer believes that the causes of these fail- 
ures may be attributed principally to design and, to a 
lesser degree, welding quality and procedures, and only 
to a limited degree to steel properties and quality. This 
is based upon the fact that the correction and elimination 
of design faults, together with improved welding pro- 
cedures and inspection, have substantially eliminated 
such failures. For example, the stress concentration at 
the sharp corners of number three hatch on the Liberty 
ship, the most common focal point of failure and the one 
referred to by the authors as having a stress concentration 
as high as 7, has been largely corrected. Another com- 
mon source of failure was a sharp cut made in the shear 
strake for an accommodation ladder. Together these 
two structural notches accounted for 50 of the 102 fail- 
ures. Eleven were attributed to defective welds. The 
most dangerous part of a welded ship is at the upper edge 
of the shear strake and in the welds joining it to the 
stringer plate. This connection is now usually riveted; 
stress risers in the shear strake have been eliminated; 
fashion plates meeting it have been streamlined instead 
of connecting with it at a 90° angle as formerly; the 
hatch corners have been rounded and reinforced; other 
design notches have been eliminated to the greatest pos- 
sible degree. No failures have occurred in the Vic- 
tory ships which incorporate many of these improve- 
ments. 

The implication in the authors’ conclusion that welded 
ships and bridges are subject to multiaxial stresses, 
per se, is too sweeping. It should be made clear that the 
multiaxial stresses which have caused the failures are 
those local stresses directly associated with a structural 
notch created either by faulty design or fabrication. 

It is also felt that the authors’ conclusion that welding 
adversely affected some of these steels should be qualified 
by reference to the actual data. Figures 4 (A) and 4 (B), 
graphically illustrating the V-notch charpy values at 
various temperatures, show in every case that at ex- 
tremely low temperatures the energy absorption for the 
welded specimens was higher. 

While not directly pertinent to the data in this paper, 
it seems appropriate to suggest that the use of high- 
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strength steels in shipbuilding has several features to 
commend it: 


1. As noted by the authors, such steels are invariably 
superior in their notch sensitivity to ordinary structural 
or ship steel. 


2. Intelligently employed by the designer, high- 
strength steels can effect substantial savings in weight 
and improve the stability of vessels by reducing topside 
weight. 

3. Due to reduced sections, the volume of weld meta 
deposited and cumulative welding stresses are reduced. 

4. The relationships between principal stresses in 
thin members are more favorable to plastic flow and ad- 
justment, whereas in thick members the stresses devel- 
oped under similar external loads tend to. inhibit shear 
and favor cleavage-type fractures. The greater flexi- 
bility and resultant adjustment to stresses, made possible 
by high-strength steels, are a distinct advantage. 


Authors’ Reply 


Reply to a discussion by W. B. Brooks* of a paper 
“An Investigation of the Effect of Welding on the Transi- 
tion Temperature of Navy High Tensile Low-Alloy 
Steels” by G. G. Luther, C. E. Hartbower, R. E. Metius 
and F. H. Laxar presented November 1946 at the 
AMERICAN WELDING Society Convention. The authors 
thank Mr. Brooks for the comments he proffers. 

The condition of the steels used in the reported inves- 
tigation was hot-rolled, as received. No tests are con- 
templated on the series in any other condition. 

The role of strain aging in the phenomenon of transi- 
tion temperature is, of course, recognized and was 
briefly referred to in the paper. The discussor’s com- 
ments in amplification are appreciated. 

Although in the past the authors have made use of the 
general relationship existing between maximum hardness 
in the heat-affected zone and the ductility of bend speci- 
mens, the success in using the relationship depends en- 
tirely upon the assumption that there is a satisfactory 
correlation between maximum hardness and ductility. 
This argument is graphically illustrated in figure 28 of 
a paper by the authors appearing in the July 1946 issue 
of THE WELDING JOURNAL, page 389-s. 

As for the chemical compositions of the steels, the 
figures in the paper indicate total per cent for each ele- 
ment reported. In reply to the discussor’s criticism of 
the authors’ avoiding a metallurgical analysis of their 
data, it should be remembered that it was beyond the 
scope of this investigation to treat the data in the sug- 
gested manner. It was not intended to determine the 
reasons for differences in transition temperature of the 
steels but rather to determine the effect that welding had 
on the transition temperature and to select one or more 
weldability tests for this purpose. 

The discussor’s comments on some of the metallurgical 
aspects associated with the causes of differences in tran- 
sition temprature between heats of steel are appreciated. 
It is agreed that fundamental information of a nature 
suggested will be necessary for a complete understanding 
of the phenomenon. 

The authors concur with the discussor’s point of view 
that the first and most practical step to reduce the num- 
ber of structural failures is to improve the design. How- 
ever, such a step takes into account only one of the three 


* W. B. Brooks, Metallurgist and Welding Engineer, Alloys Development 
Company, Pittsburgh, Pa. 


(Continued on page 856-s) 
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HE report presented here covers an 
investigation carried out on behalf of 
the Committee on Iron and Steel Struc- 
tures of the American Railway Engineering 
Association as part of its work on assign- 
ment No. 6—the shortening of eyebars to 
equalize stress. As a result, a method has 
been developed to shorten eyebars by heat- 
ing with oxyacetylene torches, which takes 
less time and is more economical than any 
other method heretofore used. The sub- 
committee assigned to this particular 
subject consists of: A. B. Chapman 
(chairman, subcommittee), H. A. Dise, 
A. G. Rankin, C. H. Sandberg, G. L. 
Staley, J. P. Walton, A. R. Wilson, W. M. 
Wilson and L. T. Wyly. 
In addition to the description of the 
eyebar shortening method, the report also 
includes the following: 


1. A table showing the variation in live 
load stresses in eyebar truss members. 
The strains in the eyebars were measured 
by the Engineering Division research staff 
of the Association of American Railroads 
in various length trusses ranging from 129 
to 518 ft. ‘Fhe per cent of total live load 


* Preliminary Report of Committee 15—Iron 
and Steel Structures. Reprint American Rail- 
way Engineering Association's Bulletin No. 460. 

This program is financed jointly by the 
Association of American Railroads, Public Roads 
Administration, the American Iron and Steel 
Institute and a number of private corporations. 
Supervision of the Work is under the Fatigue 
Committee of Welding Research Council. 


Fig. 1—General View of Loose Eyebars in 
Draw Span 


The Shortening of Eyebars to Equalize 


the Stress’ 


carried by each eyebar is shown in this 
table. The greatest variation was on the 
floor beam hangers of a 400-ft. truss span 
where the inside bar was carrying 97% of 
the total load. 

2. The results of fatigue tests, in- 
cluded in the program of the Welding Re- 
search Council on the recommendation of 
the AREA, on eyebars that had not been 
shortened and eyebars that had been 


Fig. 2—Loose Eyebars Adjusted by the Application of Plates and Turnbuckles 
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shortened. The results of these tests in- 
dicate that the flame shortening of the 
bars does not materially affect the fatigue 
strength of the bars; whereas comparable 
tests on representative eyebar specimens 
shortened by other more costly methods 
showed that the fatigue strength of such 
specimens Varied from 35 to 50% of the 
fatigue strength of the original eyebar. 
This research has therefore validated as 
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Fig. 3—Clamps Erected on an Eyebar 


safe practice, the most economical of the 
several methods, and has resulted in con- 
siderable economy to those railroads that 
have used the method and it is estimated 
that if the method was used by the rail- 
roads in tightening all the loose eyebars, 
the resulting saving would be about one 
million dollars per year. 

3. The results of tests on the effect of 
temperature on the physical properties of 
steel indicate that the maximum ultimate 
strength of structural steel is attained at a 
temperature of about 500° F. but the 
yield point remains constant from room 
temperature up to about 300° F. and then 
decreases. 

The modulus of elasticity decreases very 
slowly with an increase in temperature up 
to about 600° F., and apparently becomes 
equal to zero at about 1400 to 1600° F. 

4. The approximate dead load stress 
in any eyebar carrying axial stress can be 
found mathematically after determining 
the natural frequency of vibration of the 
eyebar. 


Foreword 


The pins and pinholes in the eyebars of 
many old pin-connected truss bridges have 
been subjected to a high rate of wear re- 
sulting from the operation of heavy loco- 
motives at high speeds. In some spans of 
this type, many of the eyebars have be- 
come so loosened through wear that they 
are carrying very little, if any, of the total 
stress in the member. (See Fig. 1.) 
These eyebars have been known to rattle 
for several minutes after the passage of a 
train. 

Various methods have been used in the 
past in an effort to tighten loose eyebars. 
Probably the most common of these was a 
method involving the cutting of the mem- 
ber and the welding or riveting of plates or 
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Fig. 4—Heating an Eyebar with Oxyacetylene Torches 


TABLE 1. 

STRESS VARIATION IN EYE-BAR TRUSS MEMBERS 
LENGTH| yemper | SIZE PERCENT OF TOTAL 
OF OF SECTION LIVE LOAD’STRE 
SPAN | TESTED BAR CARRIED BY EACH | 

EYE-BAR 
FLOOR BEAM 
__WaANGeR | 83.05 17.0 
8.8;10.6;10.2;10.4;106; 7.2 
| LOWER CHORD tlt "10.3;10.6; 1.13102 
DIAGONAL 2- Bxi%e 40.8 ; 59.2 
DIAGONAL | 2- 39.6; 60.4 
DIAGONAL | 2- it 432;568 
DIAGONAL | 4- Bxl% 
| 2-53! | | 
400 FT| DIAGONAL 2- it 43.8; 562 
2 Gel 37.4; 626 
DIAGONAL | 2- 4x! 72.0; 280 
DIAGONAL | 4- 4xthe 30.2; 256; 26.4; 17.7 
DIAGONAL 2- 4x! of oe 36.1 ; 63.9 
HANGER 2- ve 29.6; 704 
HANGER 2- 33.1; 669 
— + — 
DIAGONAL 4- 26.4;208; 25.4;27.4 
DIAGONAL | 2- 43.2; 568 
DIAGONAL | 2- 58.0; 42.0 
HANGER 2- ee 40.5; 59.5 
LOWER CHORD| 4- 5x1% 22.5;25.8; 26.4; 252 
LOWER CHORD| 2- 58.0; 42.0 
FT 
DIAGONAL | 2- 6x% oe 46.0; 540 
LOWER CHORD | 4 3x% 26.5;25.0; 21.3;272 
(32. FT| | | 987 
DIAGONAL 4-34, 23.4;24.4; 23.0; 292 
DIAGONAL | 4- 4x1 ou 23.2;27.7; 13.9; 352 
LOWER CHORD | 6- 17.8;20.2;2.8;205;19.8;18.9 
LOWER CHORD | 4- 4/px! 23.3; 29.3; 14.0; 334 
129 ANGER 2- 31.8; 682 
LOWER CHORD | 6- 22.2;25.1,3.4;1.2;25.8;223 
LOWER CHORD | 6- 23.0;24.4;06;1.9;26.7,23.4 
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Fig. 5—Checking Temperature of an Eye- 
bar with a Pyrometer 


bars to it in such a manner that a turn- 
buckle could be applied for take-up and 
adjustment. (See Fig. 2.) This method 
is not only relatively expensive, but will 
develop in fatigue not more than 35% of 
the fatigue strength of the original section 
of the eyebar. 

Another method which has been used to 
shorten eyebar tension members is to cut a 


short section out of the bar and then draw 
the two sections of the bar together so that 
the heads come in contact with the pins. 
The two sections of the eyebar are then 
spliced by welding on or welding and rivet- 

ing on plates on both sides of the bar. 

The objection to this method is that very 

little dead load or initial stress can be 

placed in the bar and here again the detail 

will develop in fatigue not more than 50% 

of the fatigue strength of the original sec- 

tion of the eyebar. 

The method which appears to be the 
most practical for tightening loose eyebars 
is to heat a small section of the bar to a 
cherry red and then upset this heated part 
by special clamps. This method for 
tightening loose eyebars was first used on 
American railroad bridges in 1916. 

An especially built charcoal furnace, 
enclosing the eyebar to be shortened, was 
used, and after heating a short length of 
the bar, it was upset by means of clamps 
and clamp bolts similar to those shown in 
Fig. 3. The principal objection to this 
method was that the charcoal furnace was 
cumbersome and it required considerable 
time to heat the bars. However, this 
method was used for several years by sev- 
eral of the railroads with results which 
have withstood the tests of increased loco- 
motive weights and higher speeds. 

During the past few years several of the 
railroads have used oxyacetylene torches 
instead of the charcoal furnace to heat the 
required area of the eyebar, see Figs. 4, 5 
and 6. The use of these torches has not 
only reduced the time required to heat the 
eyebar to the desired temperature, but also 
insures a more uniform temperature of the 
heated area. 


Stress Variation in Eyebar Truss Members 


The Engineering Division research staff 
of the Association of American Railroads 
has conducted tests on several truss spans 


Fig. 6—Tightening Clamp Bolts to Upset 
the Heated Area of an Eyebar 


during the past few years. The strains 
under moving live loads were measured in 
the various truss members by means of 
electromagnetic strain gages with oscillo- 
graph recording. 

In measuring the strains in eyebar mem- 
bers, two gages were placed on each bar, 
one on each edge, and the average strain 
recorded by the two gages was used to de- 


termine the stress in the bar. It was 
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DETAIL OF WROUGHT IRON EYE BAR SPECIMEN 


DETAIL OF STEEL EYE BAR SPECIMEN 


AVERAGE STATIC STRENGTH LOCATION OF 
rest | CESCRIPTION [sTRESS KIPS PER |KIPS PER SQUARE INCH | FATIGUE FRACTURE 
FAILURE | 500,000 | 1,000,000 | | ULTIMATE | 
CYCLES CYCLES | 
Wrought Iron + O08t0+31.6 837,600 
44yY Eye Bors Not | +1.0to#31.0 760,800 32.7 28.4 -- A 
Flame Shortened | + 1.0to#31.0 504,300 
Wrought Iron +1.0tot3l.0 781,200 E 
44x Eye Bors + 1.Oto #31.0 280,300 305 26.4 
Flame Shortened | +1.0t043!.0 | 1,284,500 | 
Steel 0 to #32.0 | 1,333,000 8 oo 
448 Eye Bors Not 0 to #340 687,300 36.4 31.5 30.6 565 
Flome Shortened | 0 to #32.0 | 1,017,000 
Steel to #335 81 4,200 
44a Eye Bors to +33.0 941,900 372 324 31.0 573 
Flame Shortened | © to #330 956,500 


FATIGUE FLAME SHORTENED EYEBARS 


Fig. 7—Results of Fatigue Tests of Eyebars Shortened by Heat Treatment 
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found necessary to use two gages on each 
bar as considerable variation has been 
found in the strain on the two edges of any 
one bar. Since 24 gages are used in all 
tests of this type, it has been possible to 
secure simultaneous readings on members 
consisting of as high as 12 eyebars. 

The variations in stress between the 
eyebars of any one member, as found dur- 
ing the tests on eight pin-connected trusses 
varying in length from 129 to 518 ft., are 
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shown in Table 1. For example, the floor- 
beam hanger of the 518-ft. span consists of 
two 6- by l-in. eyebars. The outside bar 
of this member is carrying 83.0% of the 
total live load stress while the inside bar is 
only carrying 17.0%. In the floor-beam 
hanger of the 400-ft. span, the outside bar 
is only carrying 3.0% of the total live load 
stress while the inside bar is carrying 
97.0%. The bars carrying the smaller 
percentage of the total live load are quite 


loose on the pin when there is no live load 
on the span and it is quite obvious that the 
total dead load stress is carried by the 
tight bars. 

It is quite apparent from the oscillo- 
graph records that the tight bars carry all 
of the live load until they elongate a suffi- 
cient amount to bring the pin in contact 
with the head of the loose eyebar. As 
soon as the pin bears on the head of the 
eyebar, the loose bar starts taking nearly 


or & Fillet Dio Fillet Weld Dio. fi Fillet Weld 
303 Ls ii 303 303) 303 303) 45 | 45 303 
4'-0 4-0 4-0 
IPL. 2-Pis. 2-34 2-PLs 2'-75- 1-PL. 2-PLs. 
SERIES | SERIES €Z SERIES EW 
AVERAGE 
STRESS | NUMBER te STATIC STRENGTH LOCATION 
CYCLE OF KIPS PER SQUARE INCH or 
ILL 
SERIES | KIPS PER | CYCLES 
SQUARE cor [iPS PER SQUARE INCH *OUTSiDE PLATES] INSIDE PLATE FATIGUE 
100,000 12,000,000] YIELD YIELD FRACTURE 
INCH FAILURE 
cyctes | crores | point [UCTIMATE) MLTIMATE 
0 t0+200| 129,500 
0to+140| 414,400 
0 to+ 105 | 1,412,500 ALL SPECIMENS OF 
0 to+ 140 | 676,600 THE THREE SERIES 
1 222 96 33.69 | 6431 | 3896 | 6316 
0 to+200| 141,100 
0 to+200| 171,400 A TRANSVERSE 
0 to+ 180 | 221,300 FRACTURE OCCURING 
EZ 0 to+ 180 174,500 21.5 AT THE END OF 
+ 
THE FILLET WELD 
0 to+ 180 | 269,300 
Ew |Otot+iso| 192,700 | 227 IN EACH INSTANCE 
0 to+ 180 | 230,000 
Fig. 8—Results of Fatigue Tests, Fillet-Weld Joints 
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1-PL. 10 x1 x1'-9% Fillet “1-PL. 3'-9% 
SERIES 44N SERIES 44P SERIES 44Q 
STRESS CYCLE AVERAGE FATIGUE STRENGTH ULTIMATE STRENGTH 
KIPS PER SQUARE INCH 
— NUMBER OF nose Section) KIPS PER SQUARE INCH LOCATION 
TEST SQUARE INCH CYCLES oF 
SERIES (GROSS SECTION) FOR MAIN PLATES | SIDE FATIGUE 
MAIN SIDE FAILURE NET | GR NET R FRACTURE 
PLATES PLATES 100,080 [2,000,000 100,000 2,000,000 ECTION 
CYCLES CYCLES CYCLES CYCLES 
| OtorI59 | Oto+I34 804,600 | SIDE PLATES 
44N | OtorI94 | OtorI5O | 230,200 | 226 13.0 16.8 11.1 690 | 534 | 55.1 442 | MAIN PLATE 
O to +14.0 0 to+ll.4 1,066,300 SIDE PLATES 
0 to +159 0 to +133 553,900 MAIN PLATE 
44P | 0 to+i80 O to +156 286,700 | 238 2 20.5 94 70.8 589 52.1 497 | MAIN PLATE 
0 to +12.0 O to +10.1 1,469,800 MAIN PLATE 
to+159 to +132 618,800 | SIDE PLATES | 
44Q | 0 to+i80 0 to +149 374,700 275 10.6 21.3 95 81.0 70.0 | 675 58.2 SIDE PLATES 
to +125 0 1,194,800 SIDE PLATES 
Fig. 9—Results of Fatigue Tests of Eyebar Splices 
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Fig. 10—Effects of Temperature on the Physical Properties of Steel 


its proportion of the remaining stress. 


Results of Fatigue Tests of Eyebars 


On the recommendation of the Com- 
mittee on Iron and Steel Structures, the 
Association of American Railroads has 
participated in the financing of the exten- 
sive research program of the Welding Re- 
search Council to determine the fatigue 
strength of welded structures. The labo- 
ratory testing for the Committee on Fa- 
tigue Testing (Structural) of the Council 
has been done at the University of Illinois 
under the direction of W. M. Wilson, re- 
search professor of structural engineering. 
The work of the Committee on Fatigue 
Testing (Structural) of the Welding Re- 
search Council has been financed largely 
by the Association of American Railroads, 
the Chicago Bridge and Iron Co., the 
Public Roads Administration and Ameri- 
can Iron and Steel Institute. 

One of the subjects being studied by the 
Committee on Fatigue Testing (Struc- 
tural) is the strength of various details 
used in maintenance or reinforcement of 
old bridges. Details which were tested 
by Professor Wilson are shown in Figs. 7, 
8 and 9. 

The two groups of specimens shown in 
Fig. 7 were tested in the study of eyebars 
which had been upset after heating to a 
temperature of 1600--1800° F. The ob- 
ject of these tests was to determine 
whether or not the heating and upsetting 
of wrought iron and steel eyebars affect the 
strength of the member. 

- Shortened and unshortened specimens 
cut from the same bar which had been re- 
moved from an old bridge, and having the 
same geometrical form were tested in fa- 
tigue on approximately the same stress 
cycle so as to facilitate a comparison of the 
results. The specimens from the heat- 
shortened bar were cut so that the tran- 
sition from the heated to the unheated 
portion was within the constant-width 
portion near the center of the specimen. 

The results of the tests on the wrought 
iron eyebars are shown under the test 
series 44Y and 44X. The specimens of 
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series 44Y had not been shortened and the 
average fatigue strength of these speci- 
mens was found to be 32 700 psi. at 500, 
000 cycles and 28,400 psi. at 1,000,000 
cycles. The specimens of series 44X had 
been shortened and the average fatigue 
strength was found to be 30,500 psi. at 
500,000 cycles and 26,400 psi. at 1,000,000 
cycles. In these tests, the value of the 
fatigue strength was 7% less for the short- 
ened than for the unshortened wrought- 
iron specimens. 

The results of the tests on the steel eye- 
bars are shown under test series 44B and 
44A. The specimens of series 44B had not 
been shortened and the average fatigue 
strength of these specimens was found to 
be 36,400 psi. at 500,000 cycles and 
31,500 psi. at 1,000,000 cycles. The speci- 
mens of series 44A had been shortened and 
the average fatigue strength was found to 
be 37,200 psi. at 500,000 cycles and 
32,400 psi. at 1,000,000 cycles. The fa- 
tigue strength of these specimens at 2,000,- 
000 cycles would be 27,000 psi. for the 
steel eyebar not shortened and 28,000 for 
the steel eyebar which had been flame 


shortened. 
fatigue strength was somewhat greater for 


In these tests, the value of the 


the shortened than for the unshortened 
steel specimens, however, this slight in- 
crease in fatigue strength might be due to 
the slight increase in yield point and ulti- 
mate strength of these bars. It should be 
noted that the full size bars were first 
flame shortened and then the edges of the 
specimens were machined to the size 
shown in Fig. 7. As a result of this pro- 
cedure only the two sides of the upset part 
of the bar act as possible stress raisers. 

The results of the limited number of 
tests that have been made on specimens of 
this type, together with fatigue tests of 
butt-welded connections, give good reason 
to believe that the shortening of wrought 
iron and steel eyebars by upsetting them 
while they are at a high temperature has no 
significant effect upon either their static or 
fatigue strength. 

The three groups of specimens shown in 
Fig. 8 were tested in the study of the 
fatigue strength of fillet-welded joints and 
have details similar to those provided 
where the eyebar is cut and plates and 
turnbuckles are welded on to the cut eye- 
bar as shown by the pictures in Fig. 2. 

Each specimen was fabricated from new 
steel plates and consisted of two 12- by 
3/,-in. plates welded to a 12- by */,-in. 
plate. The specimens of Series EZ had 
longitudinal fillet welds on the sides of the 
plates while the specimens of Series 1 had 
both longitudinal welds on the sides of the 
plates and transverse welds at the ends of 
the plates. The corners of the outside 
plates of the specimens of Series EW were 
cut at 45° and the longitudinal fillet welds 
were continued around the ends of the 
plates. The tests on Series EZ and EW 
were exploratory but they do indicate that 
welding across the ends of the plates had 
no appreciable effect upon the average 
fatigue strength. 

The results of these fatigue tests are 
shown in the table of Fig. 8. The average 
fatigue strength of the specimens of Series 
1 was found to be 9600 psi. at 2,000,000 
cycles which is only of the fatigue 
strength of the steel eyebars which had not 
been shortened. The average fatigue 
strength of the specimens of Series EZ and 
EW was approximately the same as the 
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Fig. 11—Effects of Temperature on the Modulus of Elasticity of Steel 


FATIGUE FLAME SHORTENED EYEBARS 


853-s 


- 


strength for Series 1 for 100,000 cycles, 
but comparative tests were not made at 
2,000,000 cycles. 

The three groups of specimens shown in 
Fig. 9 were tested in the study of eyebars 
which had been cut, shortened and then 
spliced by welding and riveting on plates 
to both sides of the eyebar. The right- 
hand portion of each specimen represents 
one-half of an eyebar splice that has been 
used in repairing railroad bridges. In 
each instance, the dimensions of the plates, 
rivets and welds are the same for the speci- 
men as for the eyebar splice to which it 
corresponds. 

The lowest average fatigue strength of 
these specimens was found to be 9400 psi. 
at 2,000,000 cycles which is only 35% of 
the fatigue strength of the steel eyebars 
which had not been shortened. The maxi- 
mum average fatigue strength of these 
specimens was found to be 13,000 psi. at 
2,000,000 cycles which is only 48% of the 
fatigue strength of the unshortened steel 
eyebars. 


Effect of Temperature on the Physical 
Properties of Steel 


The Joint Research Committee of the 
American Society for Testing Materials 
and the American Society of Mechanical 
Engineers published a report in A.S.T.M. 
Proceedings for 1932 on the Effect of Tem- 
perature on the Properties of Metals. 
The diagram shown in Fig. 10 was taken 
from this report and shows clearly that the 
maximum tensile strength of this steel is 
attained at a temperature of about 500° F. 
The yield point remains constant with an 
increase in temperature up to about 300° 
F. and then decreases with a further in- 
crease in temperature. 

Tension tests made on annealed steels 


= 


of various carbon content varying from 
0.1 to 1.3% indicate that the tensile 
strength of all the different specimens in- 
creased with an increase in temperature 
above room temperature up to 500 or 600° 
F. and then decreased with a further in- 
crease in temperature. , 

The effect of subnormal temperatures on 
ferrous alloys is usually determined by 
short-time tests, generally by impact de- 
terminations such as Charpy or Izod im- 
pact tests. The properties so determined 
are of importance in evaluating the worth 
of a structural steel used in very cold cli- 
mates. The data so far published on the 
tensile strength of steels at subnormal 
temperatures indicate that the tensile 
strength again increases with a decrease in 
temperature from room temperature. 


General Procedure in Flame Shortening 
of Eyebars 


The detail of the clamp plates, rods and 
trammel used in the tightening of loose 
eyebars is shown in Fig. 12. The general 
procedure which has been followed by the 
railroads in the flame shortening of the eye- 
bars is as follows: 

1. The paint is removed from those 
areas where the clamp plates are to be 
fastened and from the 12-in. length of bar 

,to be heated, midway between the upper 
and lower clamp plate areas. 

2. The clamp plates are bolted to the 
eyebar, allowing ample length of thread on 
the clamp rods so that the nuts will have 
plenty of room to turn when the eyebar is 
upset. The nuts on the clamp rods are 
kept loose as the eyebar will expand dur- 
ing heating. 

3. Inclined eyebars have block and 
falls line attached about 6 ft. above clamp 
plates to take possible sag out of the bar 
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Fig. 12—Details of Ciamp Plates, Rods and Trammel for Tightening Loose Eyebars 
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TRAMMEL POINTS-MARK TPI 


HOLE 


and to insure that no sag results after the 
eyebar is heated. Care is taken not to 


put too much uplift on the bar. 


4. A canvas shield is provided to pro- 
tect the heated area of the eyebar when 


there is a strong wind. 


5. The decrease in the length of the 
eyebar is measured with trammel points 
(see Fig. 12) by placing punch marks or 


scratches on the bar above and below the 
clamp plates before the bar is heated. 

6. The train line-up is checked and 1 
hr. is allowed between trains for the heat- 
ing, upsetting and cooling of the eyebar, 

7. Both sides of the bar for a length of 
12 in., midway between the upper and 
lower clamp plates, are heated simultan- 
eously with two torches to a cherry red or 
a temperature of 1600 to 1800° F. The 
heat is applied uniformly on both sides of 
the bar, which is done by moving the 
torches in the same direction as the heat- 
ing progresses. An Oxweld No. 150 tip, 
or one with equal flame flare, is used when 
oxygen with acetylene or other suitable 
gas is used for the heating medium. 

8. The temperature of the heated area 
is measured with a pyrometer. The best 
results have been obtained with an Alnor 
Pyrocon single-point contact pyrometer 
registering up to 2000° F. 

9. When the 12-in. area is fully heated 
to 1600 to 1800° F., the nuts on the clamp 
rods are tightened simultaneously and the 
heated area upset a very small amount. 
Considerable care should be taken, es- 
pecially on large eyebars, to make sure 
that the interior of the bar is fully heated. 
It is essential that the nuts on both clamp 
rods are tightened the same amount. By 
side push on the eyebar close to the head, 
it can be determined if the heads are tight 
against the pins. 

10. The required amount of shorten- 
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ing, as measured by the trammel points 
and punch marks, may be as little as '/3 
in., or it may range up to about 1'/, in. 
It has been found from experience that 
less kinking of the eyebar will result if the 
reduction in length is kept below '/, in. 
for one heating. 

ll. If the eyebar shows a tendency to 
buckle, a 2- or 3-ft. length of 8-in. steel 
channel should be placed on each side of 
the bar and cinched with heavy ‘“C” 
clamps, striking with a maul if necessary 
to straighten the bar. 

12. If it is desired to keep the initial or 
dead-load stress in the eyebar low, the No. 
150 tips are quickly replaced by No. 60 
tips and a 3- or 4-in. length of the bar in 
the middle of the 12-in. heated area is kept 
at a temperature of 1600 to 1800° F. for 
3 or 4 min. This short section of heated 
bar allows elongation in this area whilé the 
remainder of the heated area is cooling 
and contracting. 

13. The eyebar may be quenched with 
water when the temperature of the bar is 
below 1000° F. 

14. Traffic is resumed over the bridge 
after the heated area has cooled to 300° F. 
It can be seen from Fig. 10 that structural 
steel reaches its maximum ultimate 
strength at about 500° F. but the yield 
point begins to decrease at about 300°. 


Determining Stress in Eyebars 


In order to determine accurately the 
dead load or initial stress in the eyebars, 
strain gage reading should be taken on 
gage lines some distances from the heated 
section before the bar is shortened and 
again after the shortening has been com- 
pleted and at least one train has passed 
over the bridge to be sure that the eyebar 
is properly seated on the pin. The dead 
load or initial stress in the eyebar can then 
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N=FREQUENCY OF VIBRATION 


F* 0.00293 - 24,700,000(1)* 


F*UNIT STRESS IN KIPS PER SQUARE INCH 

N= FREQUENCY OF VIBRATION (NUMBER OF 
COMPLETE OSCILLATIONS PER SECOND) 

L* LENGTH OF EYE-BAR IN INCHES 

T= THICKNESS OF EYE-BAR IN INCHES 


Fig. 13—-Frequency of Vibration and Unit Stress Curves for Eyebar Tension Members 


be determined from the difference in the 
strain-gage readings. Readings should be 
taken on both edges of the bar and the 
stress based upon the average strain in the 
two edges. If only one eyebar of the mem- 
ber is shortened, then there are no means 
of accurately determining the dead load 
stress in the remaining bars. 

The magnitude of the live-load stresses 
and its distribution among the eyebars of 
the member can be accurately determined 
by measuring the strains with electro- 
magnetic strain gages with oscillograph 
recording, but this method required con- 
siderable time to erect the equipment and, 
hence, could only be employed on the more 
important structures. 

The approximate dead load stress in the 
eyebar can be determined by measuring 
the frequency of vibration of the bar about 
its minor axis and then substituting the 
results in an equation for the frequency of 
a bar with specified end conditions and 
carrying axial tension. A mathematically 
exact solution for the case of an ideal 
hinged-end bar in which shear and rotary 
inertia are negligible, and based on the 
analysis given by S. Timoshenko in ‘“‘Vi- 
bration Problems in Engineering,’’ pages 
364-366, is as follows: 


f = 0.00293 N? ‘a — 24,700,000 (2) 
i 


where 

f = unit stress in eyebar, psi. 

N = number of complete oscillations 
per second 

L = effective length of eyebar in 
inches 

t = thickness of eyebar in inches 

it = number of loops in which bar is 


vibrating, which equals the 
number of the harmonic being 
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excited or one greater than the 
number of nodes (not counting 
the ends). If equals unity, 
the equation becomes 


f = 0.00293 N? L?—24,700,000 


The stresses in the eyebars obtained by 
this equation, in terms of frequency of vi- 
bration about its weak axis, for various 
thickness and length of bars are shown in 
Fig. 13. The stresses in bars whose thick- 
ness or length are not shown in this dia- 
gram can be readily estimated from these 
curves. It is understood that the stresses 
obtained by using this equation or dia- 
gram will be only approximate, but for any 
particular eyebar it should indicate 
whether the dead load stress is small or 
quite large. The method of measuring the 
frequency of vibration of the bars, however 
does give a good measure of the tightness 
of adjacent bars in the same panel as equal 
length bars having the same cross section, 
with same end conditions and same fre- 
quency of vibration carry equal stress. If 
higher harmonics are excited, the same 
figure can be used for obtaining a solution, 
simply by using L/iin place of L. Physi- 
cally, this means that the second fre- 
quency of a hinged-end bar of length L is 
the same as the first frequency of a hinged- 
end bar of length 1/2, and so forth. 

While it is believed that in most cases 
the above formula will give good results, 
it is possible that in some instances the 
end fixity of the eyebar will affect the re- 
sult appreciably. Unfortunately, an exact 
solution of the case of a bar with both ends 
fixed and subject to axial tension is not 
available. Seebeck’s Second Approxima- 
tion formula as given in Lord Rayleigh’s 
“The Theory of Sound,’ Vol. I, page 301, 
is derived by assuming that when the ends 
are fixed, the transverse stiffness of a vi- 
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brating string or wire changes the shape of 
the deflection curve only slightly from that 
which would be assumed if the string or 
wire were perfectly flexible. The approxi- 
mate formula cannot, therefore, be ex- 
pected to give good results when the ratio 
. +/L is large or the tensile stress f is small. 
When solved for f, Seebeck’s formula is as 
follows: 


| {0.00299 Ne —24 700,000 
1 


For i = 1, this equation becomes: 


The frequency of vibration of the eye- 
bar or the number of complete oscillations 
per second can be measured in the follow- 
ing manner: 


Remove the clamp plates and bolts. 

Clip a sheet of paper or cardboard to 
a small piece of wood clamped to 
the edge of the eyebar. 


L 


f= | {0.00208 *N L? — 44,700,000 7, —3160 


For i = 2, the equation becomes: 


2 
= | {0.000733 N? L? —118,800,000 —3160 ! 
L L 


The fundamental or first mode of vibra- 
tion of a bar of length Z with one end fixed 
and the other end hinged is the same as the 


3. Vibrate the bar by hand about it 
weak axis. 
4. Hold a pencil on the paper or card- 


1. Many eyebars in old pin-connected 
trusses are not taking their proper pro- 
portion of the load in the panel, and in 
some cases one bar of a two-bar member 
has carried as much as 97% of the total 
load in the member. 


2. The flame shortening of eyebars 
does not have any appreciable effect on 
either the fatigue or the static strength of 
the bars. 


3. It is possible to attain only about 
35% of the original fatigue strength of the 
eyebar by cutting the bar and introducing 
welded plates and turnbuckles of an ar- 
rangement similar to the one tested in- 
volving overlapped material joined by 
fillet welds. 


4. It is possible to attain only about 
50% of the original fatigue strength of the 
eyebar by cutting the bar and splicing with 
rivet and welded plates of an arrangement 
similar to the one tested involving over 
lapped material joined by fillet welds. 
(No all-welded splices of this type were 
tested.) 


5. The equipment required in the 


second frequency of a bar of length 2Z 
having both ends fixed. Thus, substitut- 
ing 2L for L in the above equation for 
4 = 2, the stress in a fixed-hinged bar of 
length L and fundamental frequency JN is 
found to be: 


board and 
lengthwise 


\ 


2 sf bar. 
0.00293 N* L? —29,700,000 5; —1580 


As has been pointed out, the above 
formulas for bars with fixed-fixed and 
fixed-hinged ends will not give good results 
for low values of f or high values of 1/L. 
It is therefore recommended that for f less 
than 3000 psi., or ¢/L greater than 0.006, 
the hinged-end formula be used. 


Authors’ Reply 


(Continued from page 848-s) 


interdependent variables known to contribute to brittle 
failures. It is the authors’ point of view that so long as 
differences exist between steels as regards their ability 
to plastically deform in service, it is necessary for the fab- 
ricator to be able to differentiate between steeis in order 
to reject particular plates for use in certain applications. 

The discussor’s statement that failures resulting from 
multidirectional stresses are always associated with 
either faulty design or fabrication is interesting but does 
not influence the authors’ conclusion that the transition 
temperature phase of weldability testing is of immediate 
concern to the fabricators of welded structures, such as 
bridges and ships, which are subjected to temperature 
variations and high constraint. The authors are prob- 
ably not alone in the opinion that such structures will al- 
ways contain high local stresses associated with design 
and fabrication. 

The authors concur with the discussor’s observation 
that at extremely low temperatures the energy absorp- 
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definite interval of time, say a 
10-sec. interval. The pencil will : 
then record the number of oscil- 6. The flame shortening of eyebars 
lations for this interval of time. 


Conclusions 


The following conclusions have been 
drawn from the description and general 
method of procedure for shortening loose 
eyebars described in this report: 


then draw the pencil 


me sh i eyebars is s 
diene the eyeiac for 0 flame shortening of eyebars is standard for 


bridge and building gangs, with the ex- 
ception of the clamps and the pyrometer. 


eliminates costly traii delays as only 1 hr. 
is required to complete the work on one 


7. The approximate dead load stress 
in the eyebar can be determined from an 
equation based on the vibration of a bar 
with hinged ends carrying axial stress. 
The dead load strains in several eyebar 
members that have been shortened should 
be accurately measured to determine the 
actual stresses in these bars as well as the 
accuracy of the mathematical solution. 


tion for welded specimens was higher than for unwelded 
specimens. Attention was directed to this fact in the 
paper. However, the improvement in the heat-affected 
zone does not exist until the energy absorption figure 
has dropped below about 40 ft.-lbs. For high tensile 
steels this constitutes a decrease in energy absorption 
of more than 50 per cent. In the case of two of the steels 
investigated (490 and 503) the sharp decrease in energy 
absorption occurred at a temperature over 75° F. 
higher for the welded specimens than the unwelded speci- 
mens. 

Before a universal definition of transition temperature 
can be composed using data obtained from any small 
scale laboratory test specimen, a correlation must be es- 
tablished between such data and the service performance 
of full scale structures. Until such a correlation is es- 
tablished, when studying the effect of welding on steels, 
the authors favor in the interest of conservatism the 
high temperature drop-off in energy absorption (first 
sign of brittleness) as the index of transition temperature 
in the Charpy V-notched bar test and choose to ignore 
the relatively superior notch toughness of the heat-af- 
fected zone at low temperatures. 
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Made the Way the Welders Want Them 


The TX100 Gunn-cut full gauntlet glove of chrome 
tanned cowhide leather is a masterpiece of design- 
ing for complete protection. It has a one-piece 
back, eliminating all vulnerable seams, a double 
thickness of leather on the thumb and first 
finger to resist wear from rod and torch hand- 
ling, and is lined on the back of the hand 

from wrist to finger tips. Flexible and com- 
fortable, it will give long service in hard 

usage. Your nearest A-O Safety Repre- 


sentative can supply you. 
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USHED to the limit of 

temper endurance by the 
dilly-dallying Paris peace con- 
ference, New Zealand delegate 
W. J. Jordan blurted at the 
Russian delegate with: 


“‘Let’s get on with this blasted 
conference. Here we sit listen- 
ing to quack, quack, quack, 
hour after hour. 


*‘Let’s DO something.” 


Good advice to any plan board 
seeking to further a company’s 
progress .. . for, after all, prog- 
ress consists simply in DOING 
SOMETHING constructive. . . 
something like this. . . 
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1. Goggle in regular 
welding position 


the New 


esco_ Speed Shift. 


HERE IT IS! The Cresco Aristocrat Welders Goggle—with patented 
coil-spring suspension. A quick flip moves the goggle onto the 
forehead or back into position. Saves time! Promotes efficiency! 

That’s not all—this goggle increases welders’ comfort too. The 
spring action is mild enough to eliminate pressure. The cups rest 
comfortably, and are adjustable to individual facial requirements. 
The headgear is made of lightweight, flexible, form-fitting plastic, 
and is easily adjusted to any head size. 


3. Goggle rests on forehead 
WRITE for literature and prices. during layout or inspection 


For quick delivery, get your order in soon. ef work 


This CESCO Air-Flow Helmet 
is proving its worth to welders 


CESCO’S recent development—the Air-Flow Welding Helmet— 
is consistently proving to be a remarkable success. Its superior, 
exclusive method of air feeding disperses fumes and heat—reduces 
fatigue, increases production. It combines assured welding safety 


and “air-conditioned” comfort. For complete information write 
for BULLETIN B. 


CHICAGO EYE SHIELD COMPANY 
2332 Warren Boulevard * Chicago 17, Illinois 


CESCO 
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‘LowTemp” 
emp” EUTECTRODES 4 our 


TO LICK ALL“HARD-TO-ARC 
a IRON. STAINLESS STEEL, first ina line of revolutionary 


AND ALUMINUM slectroes 


USE THESE AMAZING 
A NEW DEVELOPMENT FROM THE “Low Temp” EUTECTRODES 
EUTECTIC RESEARCH LABORATORIES TO SOLVE YOUR PROBLEMS 
“Cold”, no preheating, machinable. 
a From the research laboratories of the originators of the EUTECTRODE 248 (AC-DC) for CAST IRON, 
at revolutionary “‘Low Temperature’’ WELDING RODS* comes corrosion-heat resistant, machin- 
another remarkable achievement — ‘“LowTemp” EUTEC- che. 
TRODES —a complete line of flux-coated electrodes for BRONZES. 
Spe metal arc welding at lower base metal temperatures. repair, amazingly dense. 
Fea EUTECTRODES 30 (AC) and 300 (DC) for 
2 “LowTemp” EUTECTRODES have been developed to COPPER, smooth, dense welds. 
ive solve difficult welding problems on practically every type 
es of metal. No longer is it necessary to use hot, digging-in smoothest welds. 
4m method — thus the ill-effects of high heat have been EUTECTRODE 2100 (DC and Gas) for ALUMI- 
a greatly reduced. A specicl “‘LowTemp” flux coating in- NUM, ideal for sheets, castings. 
i :: sures immediate bonding of the weld deposit to the base EUTECHROM group for maximum hardness 
“2 ee <oemg Metal. You'll get strong, smooth welds faster, better, on. to protect easily worn surfaces (ferrous only) 
more economically. F EUTECTRODE 2 for GENERAL USE. 
EVTECTRODE 4 for MANGANESE STEEL, impact. | 
i For ease of identification, the type of rod and its use — EUTECTRODE 6 for TOOLS, KNIVES, DIES. 


of is clearly stamped on each EUTECTRODE—another unique 
* EUTECTIC feature! Solve your hard-to-lick arc welding © 
problems with one of the appropriate ‘‘LowTemp”’ EUTEC- 


EUTECTRODE 8 and HARD- 


EUTECTRODE 12 for DRILLING, EARTH MOV- 
TRODES. MAIL COUPON ON OPPOSITE PAGE FOR FULL ; a 

_ EUTECTRODE 130 for CAST IRON. 


DETAILS. 
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Longitudinal Seam Welders for 
HIGH Production at LOW Cost 


Every day the “Berkeley” turns out miles of seam welds on big 


production jobs ... it's a cost saver, too, for the small job 
shops. 


The “Berkeley’’ uses the melt submerged electric-arc and all 


welds are uniform and of X-ray quality. 


a ies a There's a size “Berkeley” to weld preformed tubes 5” to 36” in 


lution shows preformed. tubes gnterng the back of the Write us, we will suggest the best type for your requirements. 


PENN TOOL & MACHINE CoO. 


DANVILLE, ILLINOIS 


ADVERTISING 


Ilustration shows the This patented feature is the 
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FOR FILLET 
WELDING 


FOR GREATES WELDING SPEED 


“FW” speeds welding and reduces operator 
fatigue becausélit “rides” on its coating. You 
strike an arc — and “drag it” lightly over 
the metal. It’s that simple! 


“FW” fills in the long gap between class 
E-6012 and E-6020 electrodes. It has the same 
qualities for poor fit-up as 6012 — the fast 
freezing. and ability to weld out of position. 


Yet it gives you the speed, ease and finished 
weld appearance of the best in the 6020 class. 


P&H designed this electrode for today’s fillet 
welding requirements. It’s for AC or DC 
welding of medium and mild steels. Try 
“FW” on your work. Call your P&H repre- 
sentative today for demonstration. 


PaH Welding Positioners 


Reduce your welding costs by permitting operators to raise, tilt or 
rotate the work for fast, easy downhand welding. Use larger elec- 
trodes for faster deposition of weld metal. P&H Welding Positioners 
are available up to 36,000-pound capacity. Ask for literature. 
Below 2500-pound capacity, Bulletin P2-1; above, Bulletin Pl. 
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36 Pages of Easy-to-use, Ready-refer- 
ence Buying Information Covering the 


Complete G-E Accessory Line! 

More than 100 arc-welding accessory Cy 
items, proved and improved by lengthy €) 
actual production experience, are included CO 
in this new G-E accessory catalog—ar- r= hes 
ranged by groups with complete price and 
descriptive information, catalog numbers, 
quantity discount data, and ordering in- 
structions to facilitate selection and pur- 
chase of any item or items. 

Every item in the G-E arc-welding ac- 
cessory line, one of the most complete lines 
available, is designed to help make better 
welding easier. It includes electrode holders 
of all types, ventilated helmets and hand- 
shields, goggles and lenses, chrome-leather 
and flameproofed-duck protective clothing, 
cable connectors and clamps, and various 
tools and aids such as slag hammers, 
scratch brushes, Strike-easy crayon and 
compound, weld-spatter-resistant com- 
pounds, fillet-weld gages, and supervisor’s | 


viewing lenses. rotection 
All these items are arranged in logical @ built for added P 
groupings in the new catalog with all per- and longer life... 
tinent information on each group arranged 
continuously. No flipping pages or referring 
back and forth from one end of the book 
to the other; descriptive material, prices, 


catalog numbers, etc., on any item or class 
of accessories is all in one place for easy — send ; 
reference. If you do any welding at all, ial me My copy the now 


you'll certainly want a copy! G-E Are-welding Accessories Catalog, 


General Electric Co. GEA-2704E-1 


YOUR G-£ ARC-WELDING DISTRIBUTOR HAS A FREE COPY FOR” 
YOU; IF YOU DON'T KNOW HIS ADDRESS, SEND THE <2"IPON 

672.79, Schenectady Y. 
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machine operators. 
ing in your plant, you need this book. 


Just Published 


RESISTANCE WELDING MANUAL 


(REVISED EDITION) é 
Complete Comprehensive r + Authoritative 


T 


CONTENTS 


Fundamentals — Applications — Economics — De- 
sign — Process Control — Spot, Seam, Flash, Projec- 
tion Welding — Electro-Brazing — Electro-Forging 
— Pulsation Welding — Percussive Welding — Low 
Carbon Steel — Hardenable Steels — Stainless Steel 
— Coated Steels — Aiuminum, Copper, Magnesium 
and Nickel Alloys — Die Castings — Lead — Dissimi- 
lar Metals — Electrodes, Wheels and Dies — Recom- 
mended Practices — A.C. Machines — Jigs and Fix- 
tures — Controls — Electrical Characteristics — 
Stored Energy Systems — Power Supply — Instru- 
mentation — Standard Tests and Quality Control — 
Maintenance — Definitions — Symbols — Tables. 


RESISTANCE WELDER MANUFACTURERS’ ASSOCIATION 


HIS newly published manual is the most 
complete treatise on resistance welding ever 
published. It explains in great detail what re- 
sistance welding is, what it does and how to get 
most satisfactory results from this process. The 
results of important research studies are briefed, 
collated and arranged for easy reference. Lead- 
ing authorities in industry have contributed up- 
to-date information on practices and proce- 
dures. Every phase of the subject has been in- 
«cluded which could possibly make this manual 
useful to engineers, production executives and 
If you use resistance weld- 


- 505 Arch Street @ Philadelphia 6, Pa. 


PRICE $3.00 


MEMBER COMPANIES OF RWMA 


Welding Machine Company 
Detroit, Michigan 
The Federal Machine and Welder Co. 


Warren, Ohio Warren, Ohio 
Multi-Hydromatic Welding & Mig. Co. Thomson Electric Welder Co, 
Detroit 13, Michigan Lynn, Massachusetts 
National Electric Welding Machines Co. Welding Machines Manufacturing Co. 


Bay City, Michigan 
Precision Weider and Machine Co. 
Cincinnati 10, Ohio 
ve Welder Company 


Taylor-Hall Welding Corporation 
Warren, Ohio 
The Taylor-Winfield Corporation 


Detroit 12, Michigan 
Acme Electric Welder Company 
11, California 


Los 1 
Acro Welder Mig. Go. Inc. 


Detroit 12, Michigan Milwaukee 3, Wisconsin 
Resistance Welder Corporation Engineering Company 
higan Newark 3, New Jersey 

elder Company 

Kansas City Missouri 
Satay Inc. Associate Member 
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Raytheon Manufacturing Co. 
Waltham 54, Massachusetts 


THE ALLOY GROUP 


P. R. Mallory & Co., Inc. 
Indianapolis 6, 
S-M-S Corporation 
; Detroit 11, Michigan 
Tipaloy W Products Co. 
Detroit 13, Michigan 
Ww Weed & Company 
it 4, Michigan 
Welding Sales & Engineering Co. 
Detroit 13, Michigan 
Ampco Metal, Inc. 
Milwaukee 4, Wisconsin 
Commerce Pattern Foundry & Mach. Co 
Detroit 17, Michigan 
The Electroloy Company, Inc. 
Bridgeport 8, Connecticut 
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ALL THESE ALLOYS NEED ONLY 


To the welding of carbon-molybdenum steels, 
Westinghouse now brings the excellent characteris- 
tics of its Flexarc electrodes for mild steel. It offers a 
new group of only three welding rods for low alloy 
cast steels and low alloy, high tensile rolled steels 
where strengths higher than those obtainable with 
mild steel electrodes are required. 

For d-c all-position welding, the AP-MO electrode 
is used with reversed polarity. For both a-c and d-c, 
the ACP-MO and DH-MO may be used—the former 
for all-position welding, while the latter is best fitted 
for flat, deep groove and horizontal fillet welding. 

This small group of rods brings the advantages of 
simplified inventories and high production speeds, 
together with maximum strength and quality, and 
reduced costs. Operators will like them for smooth 
arc action, easy metal and slag control and an ex- 
cellent weld appearance. 

For further information about this group of quality 
welding electrodes, write for booklet B-3661. Write to 
Westinghouse Electric Corporation, P. O. Box 868, 
Pittsburgh 30, Pennsylvania. J-21366 


CARBON-MOLY 
ADVANTAGES OF ELECTRODES 


AP-MO (E-7010), ACP-MO (E7010/E7011), DH-MO (E7020 E7030) 


Excellent physical properties on welds made in any 
position. 


2. Unusually high density and soundness of welds as re- 
vealed in x-ray tests. 


3. Smooth, even transfer of metal with low spatter loss. 


4. Metal washes up well on side walls without under- 
cutting. 


5. Easy arc control. 


6. Easy slag removal with minimum difficulty from en- 
trapped slag. 


7. Uniformly high molybdenum content are deposited 
metal—consistently within limits 0.049% to 0.06%. 


JALTEN ® RDS STEEL © YOLOY ® CHROMANSIL © MAYARI-R 

MAN-TEN © COR-TEN ® SIL-TEN © A.W. DYN-EL © N-A-X 

HIGH TENSILE © SAE-X-4130 © SAE-X-8630 © CARBON- 

MOLYBDENUM ® VANADIUM ® SILICON-KILLED STEELS 
AND OTHER LOW ALLOY, HIGH TENSILE STEELS 


Flexarc carbon-moly electrodes are excellent for 
welding high pressure, high temperature piping. 
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Westinghouse 


OFFICES EVERY WHERE 
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gu THERE IS NO 


Her: is 2 welding torch designed by AIRCO 
to be light in weight for easy handling and 
full freedoms for operator, yet strong and dur- 
able for many tougher jobs...ideal for welding 
barrels, tanks, refrigerator units, airplanes, piping 
installations and garage work. 


¢ Especially suited where production work is 
carried on for long periods of time. Operates 
from 3/16"1.D. light-weight flexible hose. 


e Single-flame, swaged-type pure copper tips, 

enerally preferred by supplied un- 

ess otherwise specified. These tips cover a 
welding range from 1/16” to 114" plate. 


e Styles 721 Single type and 722 Dual- 
type Multiflame Heating tips, shown 
etached from torch, are ideal for 
silver brazing, applying hard-facing 


AIRCO STYLE 9903 


BETTER TORCH THAN THE.., 


overlays and many other applications. Both 
tips are annealed for bending. 


FOR FLAME CUTTING, TOO 
The Airco Style 9903 torch can be converted 
rapidly into a light-cutting torch simply by re- 
placing mixing head and tip with cutting attach- 
ment. Available with either 75°or95°angle head. 


Write your nearest Airco office for Catalog 
ADC-617, or address: Air Reduction, General 
Offices, 60 East 42nd St., New York 17, N.Y. 
In Texas: Magnolia Airco Gas Products Co., 
General Offices, Houston 1,Texas. Represented 
Internationally by Airco Export Corporation, 


Air REDUCTION 


Offices in All Principal Cities ' 


HEADQUARTERS FOR OXYGEN, ACETYLENE AND OTHER GASES...CARBIDE...GAS WELDING AND CUTTING APPARATUS AND SUPPLIES... 


ARC WELDERS, ELECTRODES AND ACCESSORIES 


r 
¥ 
4 
4 
ag 
+ 
4+ 
A 
a 
— 
4 
ae 
a 


